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Abstract:

The interaction between proteins and carbohydrates is an important first step for many biological
processes. For example, viral and bacterial infections, antibody-antigen interactions, fertilization and
other cell-cell interactions all rely on protein-carbohydrate interactions as a first step in recognition. It
is known, however, that the affinity between a lectin and a single sugar is quite weak. The increase in
binding affinity in most biological systems is a result of what is often generically referred to as
multivalent binding.

A number of carbohydrate-containing synthetic organic molecules have been synthesized to study
multivalent protein carbohydrate interactions. Examples include small molecules that typically contain
fewer than 10 sugars, medium sized molecules that contain between 10 and 100 sugars, and large
polymeric systems that can contain thousands of sugars.

While most carbohydrate-containing systems have provided valuable insight into the mechanism of
multivalent interactions, no class of carbohydrate containing system existed prior to this work in which
the number of sugars and the size of the ligand could be varied independently. Such a system should
provide specific information on the optimal geometric arrangement of ligands toward various receptors.

We have homogeneously and heterogeneously functionalized polyamidoamine (PAMAM) dendrimers
up to generation six with mannose using a thiourea linkage by the reaction of an isothiocyanate on the
carbohydrate with the terminal amines on the dendrimer. The result is water-soluble
carbohydrate-containing dendritic molecules. Methods to characterize these dendritic macromolecules
by nuclear magnetic resonance spectroscopy and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry were developed.

The effectiveness of the dendrimers as ligands for the lectin Concanavalin A has been demonstrated by
means of a hemagglutination assay, a precipitation assay and a turbidity assay. Results indicate that the
size of the dendrimer has a great effect, with the larger dendrimers being most active with
Concanavalin A. In addition, the degree of functionalization has a profound effect, with the optimum
degree of functionalization for binding being below full functionalization. Results also suggest
mannose-functionalized PAMAM dendrimers effectively recruit and cluster lectins.
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ABSTRACT

The interaction between proteins and carbohydrates is an important first
step for many biological processes. For example, viral and bacterial infections,
antibody-antigen interactions, fertilization and other cell-cell interactions all rely
on protein-carbohydrate interactions as a first step in recognition. It is known,
however, that the affinity between a lectin and a single sugar is quite weak. The
increase in binding affinity in most biological systems is a result of what is often
generically referred to as multivalent binding.

A number of carbohydrate-containing synthetic organic molecules have
been synthesized to study multivalent protein carbohydrate interactions.
Examples include small molecules that typically contain fewer than 10 sugars,
medium sized molecules that contain between 10 and 100 sugars, and large
polymeric systems that can contain thousands of sugars.

While most carbohydrate-containing systems have provided valuable
insight into the mechanism of multivalent interactions, no class of carbohydrate:
containing system existed prior to this work in which the number of sugars and
the size of the ligand could be varied independently. Such a system should
provide specific information on the optimal geometric arrangement of ligands
toward various receptors.

We have homogeneously and heterogeneously functlonallzed
polyamidoamine (PAMAM) dendrimers up to generation six with mannose using
a thiourea linkage by the reaction of an isothiocyanate on the carbohydrate with
the terminal amines on the dendrimer. The result is water-soluble carbohydrate-
containing dendritic molecules. Methods to characterize these dendritic
macromolecules by nuclear magnetic resonance spectroscopy. and matrix-
assisted laser desorption ionization time-of-flight mass spectrometry were
developed.

The effectiveness of the dendrimers as ligands for the lectin Concanavalin
- A has been demonstrated by means of a hemagglutination assay, a precipitation
assay and a turbidity assay. Results indicate that the size of the dendrimer has a
great effect, with the larger dendrimers being most active with Concanavalin A. In
addition, the degree of functionalization has a profound effect, with the optimum
degree of functionalization for binding being below full functionalization. Results
also suggest mannose-functionalized PAMAM dendrimers effectively recruit and
cluster lectins. '




CHAPTER 1

INTRODUCTION, BACKGROUND AND RATIONALE

Protein-Carbohydrate Interactions

The interaction between proteins and carbohydrates is an important first
step for many biological processes. For example, viral and bacterial infections,

antibody-antigen interactions, fertilization and other cell-cell interactions all rely

on protein-carbohydrate interactions as a first step in recognition (Figure 1.1).1-8

virus toxin
bacterium

hormone.

glycoprotein
cell surface

Figure 1.1 Various biological interactions that rely on protein-carbohydrate
interactions. Adapted from reference 4.

A well studied case is the infection of human cells by influenza virus.2 921

In the first step of infection, hemagglutinin on the surface of the virus interacts
with sialic acid (a sugar that is present on many glycoproteins) located on the
surface of a bronchial epithelial cell. Once the interaction has occurred, barring

an adequate immune response, viral infection will proceed.



Itis known, however, that the affinity between a carbohydrate receptor,
such as a lectin, and a single sugar is quite weak. In the case of binding between
hemagglutinin and monomeric a-sialosides, the association constant has been -

117

determined to be about 10° M However, the interaction between influenza

virus and the cell surface is strong enough to lead to an eventual infection.

Other studies of the affinity of lectins for saccharide units have also shown

22,23

that, typically, a single sugar is only-weakly bound. The increase in binding

affinity in most biological systems is apparently a result of what is often

geoerically' referred to as multivalent binding.

Multivalent Interactions and Glycoside Clustering

Yuan C. Lee at Johns Hopkins University performed pioneering work on
" the study of multlvalent interactions. Lee and co-workers found tremendous

enhancements in afflnlty between small clusters of galactose residues and

mammalian hepatic carbohydrate receptors. They found that the binding affinity

for monovalent, divalent and trivalent Ilgands (Figure 1 2) increased roughly from.
1 to 1000 then to 1 million, respec’tlvely| To describe this general observation,
~ Lee first coined the term “glycoside cluster effect.” The glycoside cluster effect is

defined by Lee as “affinity enhancement achieved by multivalent ligands over




monovalent ones that is greater than would be expected from a simple effect of

o 125
concentration increase.

Figure 1.2 Mono-, di-, and tri-valent galactose ligands designed and used by Lee
and co-workers to observe the glycoside cluster effect.

The term “multivalent interaction” refers to a more specific interaction, that
being when a ligand presents multiple epitopes (carbohydrate residues) and
binds to two or more distant binding sites on a receptor (protein). What is

remarkable is that multivalent interactions are often stronger than the sum of



each individual interaction. In fact, they may be orders of magnitude better.
Building synthetic systems that can provide answers for why and how multivalent
interactions occur is the focus of the research project presented here.

An excellent example in which multivalent interactions are critical is during
an immune response. During an immune response, not only do multivalent

interactions increase the affinity between molecules, but they are also necessary

to induce the appropriate response.2

Figure 1.3 Interaction of a macrophage and bacteria mediated by antibodies. The
macrophage will not recognize the bacteria without the antibodies. In addition,
the macrophage will not digest the bacteria until enough antibodies have
attached to the bacteria and the macrophage. This is an example in which
multivalent interactions are required for a biological response. (Adapted from
reference 2)

Antibodies have multiple equivalent binding receptor sites. Depending on
the antibody, it may have two, four, six, or ten sites. The antibodies recognize

and bind to a specific, repeating epitope (antigen) on the surface of a pathogen.
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Multivalent bindin‘g is necessary to ensure a stroﬁg enough interaction between
the antibody and pathogen (Figuré 1.3).

After the antibodies have attached multivalently to the surface of the
pathogen, mannose residues on the tail of t‘hev antibody interact with mannose
receptors on the surface of a macrophage. Once enougﬁ antibodies are bound to
the macrophage, then and only then does the macrophage proceed to ingest and
destroy the pathogen. If dnly one antibody (free or bound to a pathogen) interacts
with the macrophage, a response by the macrophage is not induced. Interaction
with multiple antibodies is critical.

Indeed, the effect that multivalent binding has on biological systems has
long been recognized. However, what causes the observed increase in affinity is =

still unclear, and there is no consensus among the scientific community as to its

cause.26 It is clear that more studies of multivalent interactions must be done in

order to uncover the underlying principles and mechanisms of multivalent
interactions. By doing so, it may one day be possible to rationally design

multivalent therapeutic drugs that can treat or preventidisease.

Design of Synthetic Multivalent Ligands

Given the prevalence of protein-carbohydrate interactions in biologicél .

systems, it is no surprise that a great deal of research has dealt with the design
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of synthetic ligénds that mimic native ligands in order to act as inhibitors or
effectors..

_In the case of inhibitors, a synthetic ligand would be required to interact
with an invading pathogen more favorably than a native ligand. For.example, in
fthe case of the inflqe’nza virus described above, a synthetic ligand that presents

copies of sialic acid on its surface would, if designed correctly, bind preferentially

" with the virus ahd prevent interaction with the sialic acid on the epithelial cells.

9,12, 16, 27

The net effect Would be’inhibition of the virus. A number of multivalent

ligands have been synthesized that show inhibiting abilities in a variety of

28-
systems. 33

In contrast to inhibitors, are the effectors. An effector is a moiety that
causes a biological signaling process to occur. There are a number of examples

in which the dimeﬁzation (or higher aggregation) of cell surface receptors is

21, 34-38

necessary for signal transductionto occur. For example, protein tyrosine

kinases (PTKs), which catalyze the phosphorylation of tyrosine in various
proteins, consist of an intracellular binding domain, a transmembrane 'domainn
and the cytoplasrriic catalytic site. As a monomer, PTKs are inactive. However,
when a divalent.ligand bind$ with the extracellular binding domain, it causes the
PTKs td be in close enough proximity that ATP binding is possible which then

leads to transphosphorylation of tyrosine. Effectors are iigands that in some
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cases could cause or enhance a biological response by clustering receptors on a

cell surface resulting in signal transduction for some process.

Various Modes of Multivalent Binding

When considering the design of multivalent ligands, it is necessary to
consider the various modes of binding that could lead to enhanced interactions. It
must be recognized, however, that in any given system, synfhetic or natural,
more than ohe mode may be involved. It is this complexity that makes multivalent
ligand systems d‘ifficult to study and undérstand. In fact, the activity observed for
a multivalent-interaction may be a result of a combination of binding modes. A '
variety of reviews have previously described the various modes of multivalent

interactions, and only a brief description of the most common and important

.. 4
modes is given here.39 40

Moriovalent Interactions

Monovalent binding (Figure 1.4a) is the simplest scenario. During a
monovalent interaction, one sugar binds with one binding site. As already
mentioned, this interaction is quite weak and typically does not induce a

biological response.




Multivalent Interactions

A multivalent interaction is also referred to as the chelate effec’t.41 43 For

multivalent interactions to take place, a given ligand must be capable of binding
to multiple binding sites (Figure 1.4b). Multivalent binding is favorable because
after the initial interaction (which ié analogbus to a monovalent interaction) a
second interaction is essentially intramolecular. The initial interaction costs one

translational entropic unit, which does not have to be paid by the second

41, 44

interaction. However, depending on the system, the cost of Ioéing

conformational flexibility after the second interaction may be too great. As the

binding sites g‘et farther and farther apart, the linker connecting the binding

epitope becomes critical. The conformational entropy penalty becomes greater

2,22,45, 46

as the linker becomes longer.

Glycoside Cluster Effect

The glycoside cluster effect is also referred to as a statistical effect or a
local concentration effect (Figure 1.4c). Many times in the literature, fhe term

“glycoside éluster_ effect” and “multivalent binding” are used to refer to the same

eﬁect.zz’ 47-50

clustering given in the IiteratUre, but apply it in a narrower context than is
- sometimes used. We define glycoside clustering and monovalent binding as

related but distinct terms. Glycoside cluster effect is the result of local

For the discussion of our work, we adopt the definition of glycoside
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concentration around one given receptor. Ifa binding epitope dissociates from a
receptor, a ligand with a high concentration of epitopes has a higher chance of
rebinding due to the number of epitopes immediately available to the receptor.
This C(‘)ntrasts with the definition give‘n for multivalent interéctiéns, namely, that
multivalent interactions involve multiple binding sites on the same feceptor.
Typically, glycoside clustering shows small to modérate enhancemenfs in
binding, while multivalent interactions cén show large and dramatic

enhancements in binding.

Cross-linking

Another mode that must be cdnsiderec! in the context of this work is cross-
linking (Figure 1.4e). In this case, a ligand binds with multiple receptors. If ;the
cross-linking is extensive enough, large aggregates can form. If fhe aggregates
become large enough, _they typically precipitate out of solution.

It should be noted that the definitions given above are meant to be

examples and are not all-inclusive. Other aggregate motifs may well be important ‘

in protein-carbohydrate interactions. For example, many lectins may be bound in
a multivalent manner to each dendrimer (see discussion stérting on page 18 for a

full description of dendrimers).
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Figure 1.4 Various modes of interactions: a) monovalent, b) multivalent, c)
glycoside clustering, d) both multivalent interactions and glycoside clustering, e)
cross-linking.

Complications in Multivalent Ligand Design

With all of the possible modes of binding available for protein-
carbohydrate interactions, it becomes evident that in a real system, one mode
may not be the exclusive type of interaction. In a given system any combination
of the binding modes described here (as well as those not described here) may
be involved. Therefore, the observed activity is the activity of the whole system,
rather than the activity of various types of interactions. Figure 1.4d shows a case
in which both multivalent interactions and glycoside clustering are occurring. To
what extent each contributes to the observed affinity of ligand for receptor is

difficult to determine.
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In the simple monovalent case, the association constant (K,)

thermodynamically describes the relationship between the two states of ligand
and receptor (free or bound). In a more complicated case, any measurement.
would not be able to distinguish between the various modes present in that
system. For exémple, if a systgm can chelate and crosslink, any measurement .
would give a net effect and the unique contributions of each mode would be lost.
To exploré ‘the various fno‘des of binding requires a variety of ligand systems and
assays. Understanding what contributions each interaction makes would be
extremely uéeful in'guiding the design of highly effective therapeutic polyvalent
ligands.

Currently, the design of multivalent ligands is largely a trial and error
endeavor. The state of the art is such that é' molecule is designéd and
synthesized to present a number of binding epitopes (a small sampling of
approaches is gi\'/en in the following section). This molecule is then tested using
- a variefy of assays to determine its performance as a multivalent ligand, after
which, the design can be optimized and the process repeated.

Another concern in the study of multivalent interactions is the assays
used. There are a number of assays available to measure the effectiveness of
the designed multivalent ligands (a number of assays pertinent to this work will

be described when appropriate), however, if a variety of ligands are tested by a
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given assay, the comparison of results can only be valid if all the Iigands tested
participate in the same fnodes of binding.

A second concern ie that the assays used are by necessity exceedingly
simplified relative to actual biological systerns. While they present a very good . '
starting point for the analysis of multivalent ligands, ultimately, the viability of a
ligand will ne determined in the actual (and more complex) biol‘ogieal system.

The basic challenge in designing a multivalent ligand is to eptimize the
presentétionv of a binding epitope to a specific receptor. We propose that carefully
© designed ligan‘ds may be used to systematically study the various inter’actions

independently, thus providing insight into how to optimize multivalent ligand

displays.

Ligand Design

"In order to‘a.ch‘ieve the goal of understanding how multivalent interactions
work and how they can be exploited, many artificial carbohydrate-containing
systems have been developed to act as inhibitors or effectors. Currently, one of
the major hurdles to the deeign of synthetic ligands is the lack of understanding -
of the underlyin;; mechanism of multivalent interactions. Nonetheless,

+ carbohydrate-containing systems have provided a great deal of insight into the
problem of understanding how multivalent inferactions work. Most syntnetic

ligands can be roughly classified into three main types based primarily on size:
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small, medium (such as dendritic glycosides), and large molecules (such as
polymeric ligands).22,40 46, 51
The simplest ligands to synthesize and test are small molecules

containing clusters of carbohydrates.18,19,47,52-57 Many carbohydrate-

containing small molecule ligands show enhanced binding affinities. In most

cases, the enhancement is more than additive. In 2000, Kiessling and co-workers

reported placing mannose on a rigid macrocyclic scaffold (Figure 1.5).52

HO.
HO
HO.
X/ 1 HN”
O

Figure 1.5 Small, trivalent molecule synthesized by Kiessling and co-workers to
study the glycoside cluster effect.

This trivalent ligand was found to be more potent than the corresponding
monovalent ligand due to its ability to cluster the receptor (Concanavalin A) in
solution. Multivalent binding is not expected to occur as the small molecules are
typically too small to span multiple binding sites. So, the enhanced binding that is
occurring is a result of glycoside clustering (Figure 1.4c) and crosslinking (Figure

1.4e). Small molecules typically are more potent because they precipitate the
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lectin.33,47, 57,58 The Kiessling example is the first documented case of soluble

aggregation.

In contrast to the small molecules, the large carbohydrate-containing
molecules can present many sugar residues. Polymeric glycoside clusters, for
example, typically contain about 1000 sugars per polymer. A common technique
for the formation of glycopolymers is by the free-radical polymerization of

acrylamides.

HO ho

Figure 1.6 Polyacrylamide synthesized by Whitesides containing 20% sialic acid
residues. This example had a molecular weight of 10,000 and an activity 100,000
greater than monomeric sialic acid.

Studies using glycopolymers have shown that binding is much more

favorable with very large multivalent systems than the binding of proteins with

single sugars.14, 59-64 For example, in 1991, Whitesides and co-workers showed

that polyacrylamides with MW of 10,000 and at least 20 mol% sialic acid as a

side chain were up to 100,000 times more effective at inhibiting hemagglutination
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(hemagglutination inhibition will be discussed in detail in the section starting on

page 92) than monomeric methyl a-sialoside (Figure 1.6).11

One major drawback of many of glycopolymers formed by free radical or
cationic mechanisms is that the size of the polymer chain is very difficult to
control or predict, thus making it difficult to control the presentation of the
carbohydrates. Therefore, a more controlled and systematic study of the
relationship between size, number of sugars and ligand activity proved nearly

impossible using large glycopolymers.

Figure 1.7 Ring-opening metathesis polymerization reaction demonstrated by
Grubbs as an effect means for the controlled formation of carbohydrate-
containing polymers.

A significant advance in the field came when Grubbs and co-workers

showed that it was possible to control the size of glycoside containing polymers
using the ring-opening metathesis polymerization (ROMP) technique.b In this
reaction, a ruthenium catalyst is used to polymerize carbohydrate-containing
norbornene molecules (Figure 1.7).66-68 This method has been exploited by a
number of groups. Kiessling and co-workers have contributed extensively to the

development of this method.], 21,62, 69-74 In one example, they observed a
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50,000-fold enhancement in inhibitory activity for the C-mannoside

neoglycopolymer relative to the monovalent derivative (Figure 1.8).75

Figure 1.8 C-mannoside neoglycopolymer synthesized using ROMP by Kiessling
that showed 50,000-fold enhancement in inhibitory activity.

The third general class of molecules, the medium sized ligands, is of
special interest to the work described herein. While the most common types are
dendritic in nature (more attention will be given to dendritic ligands in a later
section), there are a number of other examples that are of interest.

One example that bears mention is the so-called “STARFISH” ligand

developed by Kitov et. &..43 The inhibitor shown in Figure 1.9 displayed in vitro

inhibitory activity 1 million to 10 million times higher towards Shiga-like toxins |
and Il than that of the monovalent ligand. Shiga-like toxins are produced by
Escherichia coli and are responsible for the deleterious effects of E. co//infection.
The Shiga-like toxin | (SLT-I) is a doughnut-shaped pentamer with three
saccharide-binding sites per monomer. All 15 binding sites are on one face of the
toxin. The STARFISH inhibitor was designed to interact with the ten most active
binding sites on the toxin (known as sites 1 and 2). What they found was that
instead of one inhibitor interacting with one toxin, two toxins were interacting with

each inhibitor to form a sandwich-like complex.
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While this provides an excellent example of a very potent inhibitor, the
development of this ligand required extensive experimentation. In addition, while
this ligand and its development are certainly not without merit for the field as a
whole, it must be recognized that the results described are for a very specific

case.

OH OH

-C H 2SCH2CH2CH2

Figure 1.9 STARFISH inhibitor designed to interact with Shiga-like toxins. This
example showed activity up to 10 million times greater than the trisaccharide unit.

The basic challenge still remains: explain what is happening on a
molecular level to give multivalent ligands enhanced activity and (more
importantly) apply this explanation to the development of other multivalent
ligands in order to optimize therapeutic capabilities.

In the polymeric ligand systems, it seems clear that both multivalent
binding and glycoside clustering are responsible for enhanced binding. Yet, it is

not clear to what extent each is responsible. In the case of linear polymers, the
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size of the molecule and number of sugars are intrinéically linked (i.e. the size
cannot be changed without changing the number of sugars and vise versa).
Currently, there has‘ been nd system designed that can delineate between the
two effects. A desirable system would be one in which the size, numbér of sugars
and how the sugars are displayed can be varied independently. In addition, a
wide range of sizes must be readily available. Dendrimers are a class of

molecules that fit these criteria.

Dendrimers

Dendrimer chemistry has received a great deal of attention in recent

years.76'87 Dehdrimers are spherical polymers that branch out from an inner

core. There are two main synthétic methods that can be used to synthesize
dendrimers, conyergent, or divergent.

Ina diverger;t synthesis, a central core molecule is functionalized to create
é new layer or”géneration (FigUre 1.10). The surface of the newest generation ‘is
then functionaliéed to create another generation. This continues until the desired
size is reached. As the dendrimer grows, the number of surface groups doubles

with each generation.
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Figure 1.10 Schematic depicting divergent dendrimer synthesis

In a convergent synthesis, “pieces” of the dendrimer are synthesized
(Figure 1.11). One of the final steps is the combination of the pieces to form the
final dendrimer. While this method is more labor intensive, one of the main

benefits is that specific regions of the dendrimer can be functionalized differently.

Figure 1.11 Schematic depicting divergent dendrimer synthesis.
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PAMAM ‘Dendrimers :

The dendrimers of interest in this research project are poly(amidoamine)
dendrimers (PAMAM). PAMAM dendrimers were first described by Tomalié in

1985 and are often referred to as “starburst” dendrimers due to their star

88 : , . . .
shape.”” They are commercially available in a number of sizes, and terminally

functionalized with amines or carboxylates. PAMAM dendrimers are easy to
handle and are moderately robust. They are soluble in a number of organic |

solvents and water. Because of their ready availability and ease of handling,

many uses of PAMAMSs are described in the literature.”® 87:89-9°

PAMAM dendrimers ére divergently-synthesized by the Michael addition of
ethylene diamine to four molecules of methyl acrylate to form a tetraester. This is

followed by reaction with four molecules of éthylene diamine to form a tetraamide

(Scheme 1.1).91‘ The result is a generation zero PAMAM dendrimer that contains

four terminal amines. Higher generations are oBtained by tHe reiteration of the
Michael addition and the amide formation steps. After each sequence of steps,
the num-ber of termina‘l“ amiﬁes 'doybles. :

It should >be noted tﬁat the terrﬁinoldgy of other di\;/ergently synthesized
dendrimers, such as DAB dendrimers (poly(propylene imine) dendrimers), varies.

For DAB dendrimers, after the first iteration the dendrimer is labeled a generation
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one dendrimer rather than generation zero as is done for PAMAM even though

both macromolecules contain four terminal amines.

4CH2=CHCQ2Me ~ MeCM”  AjjLOM
H2NCH2CH2NH2

MeO-"
N"-OMe
ANH2CH2CH2NH2
HoN
o O [—NH2
Higher Generation N
PAMAM Dendrimers n*N
HoN /My

> "N nh2

Generation O PAMAM dendrimer
Scheme 1.1 Synthesis of PAMAM dendrimers.

A two-dimensional representation of a generation four PAMAM dendrimer

is seen in Figure 1.12. This necessarily distorted drawing depicts what would be,

in three dimensions, a nearly spherical macromolecule.
The three dimensional structure of PAMAM dendrimers varies from

generation to generation. By using computer simulations along with physical

measurements, Tomalia et. al., as well as others, determined that generations 1-

3 are highly asymmetric and ellipsoidal in nature. Generations 5-7 are nearly

spherical while generation 4 has a spheroid shape somewhere in between.89 %

A functionalized G(4)-PAMAM would be expected to be more spherical than the

G(4)-PAMAM starting material.0
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Figure 1.12 Structure of a generation four PAMAM dendrimer

Unlike most polymers, dendrimers tend to have polydispersities very

close to one. In other words, dendrimers tend to be more homogeneous than
other polymers that are often mixtures of large molecules with a wide variety of
molecular weights. What this means for the purpose of this work is that

dendrimers are excellent scaffolds for the presentation of carbohydrates.
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Table 1.1 Theoretical properties of PAMAM dendrimers taken directly from the
Dendritech, Inc website.

Generation | Molecular | Measured | Surface
| weight | diameter (A) | groups
0 517 - 15 ‘ 4
1. 1,430 22 8
2 3,256 29 16
3 6,909 - 36 | 32
4 14,215 45 64
5 28,826 54 128
6 58,048 67 256
7 116,493 81 512
8 233,383 - 97 1024
9 467,162 | 114 2048
10 934,720 135 4096

Shown in Table 1.1 is data for PAMAM dendrimers up to generation 10.%

The values s.hown are theéfetical vaﬂlues, and as will be seen later, do not
completeiy describe PAMAM dendrimers. Specifically, as the generation
iﬁcreases, the actual molecular weight values become increasingly less than
predicted, while the diameters become greater than predicted. This will be
addresséd in further detail later. |

Despite this inconsistency between theoretical and actual values, PAMAM
dendrimers are still an attractive scaffold for the formatioh of medium sized
ligands for probing protein-carbohydrate inter.actions. By the controlled
functionalization of PAMAM dendrimers with carbohydrates, it should be possible‘
to control the number of carbohydrates on the surface. At the same timé, by

using different generations, it should be possible to alter the size of the ligand in




a controlled manner. By varying the size and degree of functionalization
independently, it should be poséible to meavsu‘r‘e the effect of multivalent binding
and glycoside clustering ihdependently (Figure 1.4b and c). As a result we will

- gain valuable insight into the mechanism of multivalent binding.

In addition to the st‘ructural stability of'PAMAM dendrimers, studies have

shown that (n vitro and in vivo toxicity and immunogenicity were well within safe
limits.®® This suggests that PAMAM dendrimers may safely serve as a part of a

drug delivery system or in other biomedical applicaitions.79

Concanavalin A

For our studies, the lectin we chose was Concénayalin A (ConA).ConA .
is a plant lectin isolated frorﬁ the jackbéan. While its function in the jackbean is
unknown (the function of most léctins is unknown), it has been widely studied
and a great deal is known about Con A 100-104 Lectins such as Con A bind with
cérlbohydrates in a non-covalent maﬁner, but aré devoid of any catalytic activity.
Mlost lectins have two or more’active binding sites. ’ |

Each Con A monomer is .corﬁprised of 137 amino acids and has a |

molecular weight of 26,000 g/mol. In the pH range of 5.0-5.6, Con A exists as a

dimer, while at pH above 7.0 it exists as a tetramer. Con A is a C-type lectin,
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which means it requires the preéence of calcium (as Ca2+) to be active. In

addition, for Con A to be active, it must also incorporate a MnZ* ic;n;1°5'110

Numerous high-resolution crystallographic structures of Con A bot‘h in

native and saccharide-bound forms have been reported (Figure 1.13). 101, 108,

115 1 the tetramer form, the sugar-binding sites are 65 A apart. The overall

éhape of Con A is similar fo that of a tetrahedral molecule. The resnlt is that for a
large multivalent dendrimer, two binding sites ére readily available, while the
. other two are not. In contrast, large linear glycopolymers can wrap around ConA
and interact with all four binding sites‘. |

Since erythrocytes have a number of sugars on the surface, Iéctins can
bind with them.- If extensive cross-linking occurs bétv;/een the lectins and cells, a
process known as cell agglutination occurs. This process-is also known as
hemagglutjnation. Hemagglutination can be inhibited by the use of an appropriate
ligand, typically using a sugar that the lectin binds with spenifically. Tne'
concentration of ligand at which hemagglutination stops is considered the
inhibiting dosage. This is the basis for an assay known as the hemagglutination
inhibition assay, which Will be described in more detail later (hernagglutination

inhibition will be discussed in detail in the section starting on page 92).
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Figure 1.13 Two views of the crystal structure of Concanavalin A. Con Ais a
tetramer with each monomer in a tetrahedral arrangement. The space-filling
portions of the structure are the binding sites. In this case, methyl mannose is
shown in the binding site as the dark space filling atoms.
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Each Con A monomer has one sugar-binding site that binds specifically
with the a-pyranose forms of D-mannose and D-glucose. Con A does not bind
appreciably with galactose or fucose. The strength of binding is sensitive to

structure. Methyl-a-D-mannopyranoside has an association constant around
7700 M"1while a-D-mannose has a value of 1700 M"1. The trend is similar for
glucose. Methyl-a-D-glucopyranoside has an association constant around 2400

M"1while a-D-glucose is even lower at around 500 M'1. The interaction is
stronger with branched oligosaccharides.23,42,116-118 For example, a

trimannoside has an association constant of around 106 M"142,117

AX lyr 10
Asp 208
Leu 99
SN—R
Asp 10
O- Me
Asn 14
Arg 228

Figure 1.14 The binding site of Con Alshowing the participating amino acids.
Also shown are the metal ions required for binding.
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Figure 1.14 shows the binding cleft and the amino acid residues involved

in the interaction."'® From this diagram, a qualitative assessment can be made

about the observed selectivity. Since Con A binds with both glucose and
mannose, the stereochemistry at C-2 on the sugar has only a small éffect on the
strength of binding. While it is clear that hydrogen bonding of the hydrophilic
regions of the sugar is the key interaction, the observed fact that glucose is
bound more weakly 'thr:.m mannose indicates tha’; hydrophobic interactions are
important as well. When the C-2 hydroxyl group is axial (as it is in mannose), a
larger portion of the hydrocarbon ring of the sugar is exposed to a hydrophobic |
regioﬁ of the binding site. Putting the hydroxyl group in the equatorial position (as
it is in glucose), places a polar group directly in the viciﬁity of the same
hydrophobic region, thus weakening the interaction, albeit slightly. Changing the
stefeochemisffy af C-zi yields a much more dramatic effect: Placing the hydroxyl |
group in an axial position (as it is in galactose) essentially eliminates éll ability to
bind, indicating the critical involvement of hydrogen bonding between thié
hydroxyl group and the carboxylate of aspartic acid-208 and amide nitrogen of

asparagine-14.

PAMAM Dendrimer Functionalization Strategy

Because of the specificity of Con A for D-mannose, the carbohydrate of

interest in our initial studies has been D-mannose. A carbohydrate-functionalized
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‘generation six PAMAM dendrimer (G(6)-"F’AMAM) is expebtéd to be large enough
to span the 65 A between binding sites .(Figure 1.4b and d). Whereas, a
carbohydrateffunctionalized G(3)-PAMAM is too small to be able to span multiple .
binding sites (Figure 1.4c). In this way, by using different generations of
de;1drimers, 'multivalent intéractions can be avoided or expected.

In additicsn to controlling the size of the molecule, PAMAM dendrimers
should be amenable to heterogéneous functionalization. Through heterogeneous
functionalization it shoﬁld be possible to vary the number of sugars on the
surface of the dendrimers aﬁd to observe the effect of sugar density. Specifically,
it should be possible to functionalize G(6)-PAMAM and G(3)-PAMAM with a
similar density of carbohydrates on the surface. By doing so, the effects
associated with glycoside clustering and multivalent interactions can be

delineated (Figure 1.4 b and c¢).

Methods of PAMAM Functionalization

The carbohydrate functionalization of dendrimers has been reported
extensively. Therefore, it is of interest for the purpose of putting this work in
context to briefly review the various methods used to functionalize dendrimers

and the results observed. Specifically, a number of methods to functionalize

amine terminated PAMAM dendrimers with carbohydrates are described.'?
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Scheme 1.2 shows a variety of methods used to functionalize amine-terminated
PAMAM dendrimers.

Meijer, Stoddart and co-workers have used an N-succinimidyl activated

ester (1a) to functionalize amine terminated dendrimers with 64 end groups. The

coupling reaction, common to peptide chemistry, is mild and effective. In this

case the yield of 1b was 95%. 121

René ﬁoy from the University of Ottawa has worked extensively with
PAMAM dendrimers. He has deséribed a number of methods to functionalize
PAMAM dendrimers with carbﬁhydrates. ﬁecently, Roy also borrowed from
peptide chemistry to couple T-antigen, p-Gal-(1-3)-a-GalNAc (2a), to a G(3)-
PAMAM (32 terminal amihes)l usihg 2-(1 H-benzotriazole-1 -yl)-1,1,3,3- |
tetramethyluronium tetra-f,lubroborate (TBTU) and N,N—diisopropylethylamine

(DIPEA) to form 2b in 73% yield.'22

PAMAM d’endrimers have also been successfully functionalized using
isothiocya'nates. An ex‘ample is the additidn of3atoa PAMAM déndrimer to form
3b."3 This example; taken from thé work of Roy and Pagé, was done in
refluxing CI;IzClzfor 3h to functionalize generations zero thrdugh twcs (4-mer
through 16-mer) and in DMF for 48h to functiqnalize the less soluble generation

" three (32-mer).
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CH2CI2, 25°C, 18h >

N
HN"R OAC N R

1b

TBTU, DIPEA
DMSO, 25° C, HO.

CH2ClI2, 40° C, 3h
or

DMF, 48h, r.t.
H2N R R
3a 3b
NaCNBHo1MeOH
AcO OAc AcO OAc
AcO @
AcO
3
OAc 0
5a Sh

Scheme 1.2 Various methods of PAMAM dendrimer functionalization.

Isothiocyanate chemistry, as will be seen later, is the cornerstone method

for dendrimer functionalization used in the work described herein. It is
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advantageous in thét isothiocyanates react selectively with amines. The
observed selectivity avoids the necessity of protecting the sugar hydroxyl groups,
which can be burdensome and problematic when attempting global deprotection’
of over 200 sugars on a dendrimer.

A fourth method is the reductive amination using NaCNBH,. Sashiwa and

124, 125 |

co-workers have used this reaction to attach sialic acid to dendrimers. n

the example given, p-formylphenyl-a-sialoside 4a is aﬁached by reductive

- amination with NaCNBH, to form 4b. While yields were not given for the step
shown, the authors did indicate that in the presence of excess 4a resulted in
unavoidable N,N-disubstituted product as well.

A unique .methodv that has been used to functionalize PAMAM dendrimers
is by the use of sug‘ar-substituted‘ o-amino acid N-carboxyanhydrides
(glycoNCAs). An example from the-work of Okéda is the reaction of PAMAM
dendrimer with O-(tetra-O-acetyl)-B-D-glucopyranosyl)-L-serine N-

126

carboxyanhydride 5a to form glucose substituted product 5b. =~ While the use of

glycoNCAs is not widespread, one reason for performing such a reaction in this
case is the formation of a new primary amine, which can be further functionalized

- under appropriate conditions.




~ Goals

The firsft goal of this project was to develop a method for the carbohydrate |
functionalization and purifipétion of PAMAM dendrirﬁers up to generation six
(extension beyond generation six PAMAMs is unattractive due to the increased
cost and complexity of the starting materials). While there are a number of
references to the functionalization of PAMAM dendrimers up to generation three,
there are very few for the functionalization bf generation four. There are even !
fewer for generation five and six. In fact, to the best of our knowledge, there are B
only two references to car'b‘oﬁydrate functionva'lization of generations five and six.

Roy et. al. reportea the functionalization of a generation five PAMAM

dendrimer with lactose to study how the topology of binding site presentation and

ligand display affects binding selec’tivity.127 Okada and co-workers repott the

galactose and N-acetylglucose functionalization of PAMAM generations six, -
seven and eight to study the effect sugar density had on the ability of the
dendrimer to recognize and encapsulate a haphthalenesulfonate salt. In ‘addit'io'n,

they measured the ability of the galactoée functionalized dendrimers to inhibit

wheat germ agglutinin lectin.'28

A second goal was to develop methodology to heterogeneously
functionalize PAMAM dendrimers up to generation six. This will allow us to

control the number of sugars present on the surface of the dendrimer.
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| With the success of the synthetic portion, the development of meth—ods to
characterize the synthesized carbohydrate-functionalized dendrimers was critical.
One of théf,biggest hurdl»es i‘n the dendrimer field is the difficulty of characterizing
macromolecules. While proton énd carbon NMR are well-established teéhniques,
the use of masé ;pectrometry is less prevalent. The use of a reliable mass
_spectrométry technique would provide valuable information such as an a‘ccﬁrate
percent ioading of carbohydrates on the surface based on the molecular weight
data. Therefore, we desired to work out a method to analyze macrbmolecules
(specificallly the egcodendri‘me}s described here) by métrix assisted laser
desorption ionization time-of-flight mass épectrometry- (MALDI-TOF MS). This
was no trivial task, ‘k;ut we have presented a general MALDI method for
functionalized PAMAM dendrimers.

Finally, it was necessary to measure the biological activity of mannose-
functionalized PAMAM dendrimers 'tow_ard Con A. A number Qf assays were
employed. Details of the biological assays will be given when appropriate, but the

' mannose-functionalized déndrifnefs we synthesized were studied extensively |

with a hemagglutination assay, precipitation assay, and turbidity assay.

Summary

Studies of the mannose-function'alized PAMAM dendrimers have revealed

that they are much more active towards Con A than monomeric a-methyl
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129, 130 Th

mannoside with the largest d‘end‘rir‘ners showing the greatest activity. e

assays have also shown that the degree of functioﬁalization of the dendrimer has
a profound effect on the ‘activity.

From the results described in the following éhapt’ers, some clear
differences in the contributions of multivalent ‘.interactio‘ns' and glycoside
clustering can be made. Future development of this project based on the
foundations presented in this worklshould contribute greatly to the understanding
of-the underlying causes ‘of enhanced binding in multivalent 'intelractiOnS. The
developments described heré may ultimately cqntribute significéntly to the design

of multivalent therapeutic agents.

Organization

The work prese‘nted here \;vill be o}ganized into three main phases. The
first phase is the sy‘nthesis of a-phenyl mannoside and the f;mctionaliz'ation of
PAIM‘AM dendrimers with this sugar. Along wifh this is the development of
methods of chéracterization, specifically matrix assisted laser desorption
ionization (MALD.I) mass spectrometry and NMR techniques.

The second phase is the development of a polyethylene glycol substituted
mannoside and subsequent PAMAM dendrimer functionalizatiqn. This sugar was

necessary because the phenyl mannoside functionalized dendrimers were not




- 36

éppreciably soluble in water. With water-soluble den.drimer‘s in hand, a number of |
assays to determine their biological activity were performed.

~ The third phase dealt with the heterogeneous-funcfionalization of PAMAM |
dendrimers to rheasure the efféct that varying the density of sugars had on the

dendrimers activity..
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CHAPTER 2

SYNTHESIS OF PHENYL MANNOSIDE DENDRIMERS

Background

Of all the methods for the functionalization of PAMAM dendrimers
described in Chapter 1the method chosen for this work involved the reaction of
isothiocyanates with the terminal amines of the dendrimer. The attachment of a

carbohydrate to a dendrimer via a thiourea linkage for the formation of

glycodendrimers is well known in the field 33,123,131 13 a general reaction is

shown in Scheme 2.1.

S
Scheme 2.1 General reaction scheme utilizing an isothiocyanate functionalized

carbohydrate to react with a primary amine.

One of the main benefits to using the isothiocyanate methodology is that
isothiocyanates react specifically with amines. This makes the protection of the
carbohydrate hydroxyl groups unnecessary. In addition to the specificity, the
reaction between amines and isothiocyanates is favorable and typically proceeds

in high yield without the requirement of forcing conditions such as high
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temperature or excess reagents. Finally, the isothiocyanates described in this
work tend to be quite robust and stable. No noticeable deterioration of the

isothiocyanates is observed even after a year in storage at —4° C.

Phenyl Mannoside Approach

[Portions of the work described in the following sections has been published in:
Woller, E.K., and Cloninger, M.J. (2001). Mannose Functionalization of a Sixth
Generation Dendrimer. Biomacromolecules, 2, 1052-1054.]

As a point of departure, 7 was chosen as the desired molecule for the
functionalization of PAMAM dendrimers. This choice was not made arbitrarily. It
has been known for several decades that placing an aromatic ring at the alpha

position of a carbohydrate increases the inhibitory potency towards Con A (as

well as other lectins) relative to the methyl glycoside.136'140 Apparently, the

binding pocket in Con A is more accommodating towards a larger hydrophobic

group at the alpha position of the glycoside (see Figure 1.14).

1) H2, Pd/C, MeOH>

2) CI2C=S, 70% EtOH

Scheme 2.2 Synthesis of isothiocyanate 7.

The synthesis of 7 was straightforward. As shown in Scheme 2.2, nitro

phenyl 6 was reduced quantitatively by hydrogen in the presence of palladium on
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carbon.141 Following a procedure by Goldstein et. a!., the amine was converted

to the isothiocyanate in 80% yield.142

The synthesis of mannose-functionalized fourth, fifth and sixth generation
dendrimers is shown in Scheme 2.3. Reaction of 7 with amino-terminated G(4),
G(5), and G(G)-PAMAMs afforded mannosylated dendrimers 8-10. Only a slight
excess of 7 (s1.1 equiv/amine) was used. As mentioned previously, protection of
the mannose hydroxyl groups was not necessary as isothiocyanates react

selectively with primary amines.

JDH
KTO G@), 665), o TK S S jt
G(G)-PAMAM
A-ONCS DMF, 8h L A-OB: BtT""
7 8 G(4); n = 64 (92%)

9 G(5); n= 128 (77% unoptimized)
10 G(G); n = 256 (85%, DMSO)
Scheme 2.3 Synthesis of phenyl mannose-functionalized PAMAM using 7.

The functionalized dendrimers were purified by dialysis against a
water/DMSO mixture using a cellulose tube (MW cutoff of 1000 g/mol). The
majority of water was removed in vacuo, and the remaining solvent was removed
by lyophilization.

Yields, which were determined using the experimentally determined
molecular weights (vide infra), are quite good. Dendrimers 8, 9, and 10 were

isolated in 92%, 77% (unoptimized), and 85% vyield, respectively.
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NMR Characterization

Although charac;terization of macromoleéular compounds can be quiter
difficult, dendrimers 8-10 proved amenable to characterization by 'H NMR
spectroscopy. The 'H NMR (500 MHz) spectra of mannose-functionalized
dendriméré 8-10 in d;-DMSO are shown in Figure 2.1, Figure 2.2, and Figure 2.3,

respectively. For improved peak resolution and accuracy of peak integration

during the NMR experiment, a 15 s relaxation delay was used.'?

For dendrimer 8 (Figure 2.1), the aromatic peaks of 7 shifted upfield about
0.2 ppm upon reaction with the dendﬁrﬁer, and no remaiﬁing 7is defectable in
the spectrum of the product. Integration of thé aromatic peaks and the thiourea
NH peaks shows (as expected) a 2:1 ratio of aromatic to NH signals (6 9.4, s, .
CSNHAr, 1H; 8 8.0, s, CSNHR, 1'H; 87.2,d, Ar,2H; 8 7.0, d, Ar; éH). Integration
of the amide proton signéls from the interior of 8 (6 7.8 and & 76,25, 1H each)
reveals a 1:1 ratio of thiouréa NH signals to ami’dé NH signals. .For fully -
functionalized 8, 124 amide protons and 128 thio'urea'protons are expected.

In addition to 1H“ NMB, '8C was used to characterize the mannose-
functionélized der;drimers. The "C spectrum of the G(4)-, G(5)- and G(6)-
PAMAM dendrimers in DMSO s‘h'ows a peak at 42.0 ppm and at 41.2 ppm which
correéponds to the a- and B-méthylene carbons of the terminal aﬁino groups, |

respectively. After functionalization, there is no evidence of peaks at 42.0 ppm or
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C.144

41.2 ppmin the ® Presumably, after functionalization the methylene peaks

become equivalent to other PAM‘AM'methylene carbons. Thus, based on the
proton and carbon NMR specira, We conclude that within detections limits of
NMR, all surface ‘am_ino\groﬁps on the G(4)-PAMAM dendrimer have been
functionalized with mannose reéidﬁes.

For dendrirhers 9 and ‘10 the ratio of amide protons to thiourea protons is
again 1:1 (see Figure 2.2, and Figure 2.3). Theoretical values for 9 are 252
amide and 256 .thiourea protons. Theoretical valueé for 10 are 508 amide and
512 thiourea profons. Although the spectral broadening observed for dendrimer
10 reduces the accuracy of the integration, the NMR spectra of 9 and 10 also
indicate that the degree of mannose functionalization is high.

For dendrimer 10, averaging the integrations for the 10 brotons with
signals between 10.0 and 4.3 ppm indicates that one proton from the dendrimer
surface integrates to 1.2. Thus, a value of 3.6 for the integration of the two
signals from amide protons and one signal from a thiourea proton (8 8.2-7.4)
suggests a 1:1 ratio of surface thiourea to interior amide protons.

While the NMR.data is useful for the characterization of dendrimers, due
to potential defects in the dendrimer structure, NMR does not indicate the
number of sugérs on the surface of the dendrimer. To determine the actual
number of sugars on the surface and to determine any defects in the dendrimer

structure mass spectroscopy data (specifically MALDI-TOF MS) must be used.
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Figure 2.1 1H NMR spectrum of 8 in deDMSO.

Figure 2.2 1H NMR spectrum of 9 in d6DMSO.
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Figure 2.3. IH NMR spectrum of 10 in G6DMSO.

MALDI-TOF MS Characterization

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry has proven to be a very powerful technique for the
characterization of the functionalized dendrimers described in this work. The use
of MALDI-TOF is a relatively new mass spectrometry technique for polymer
analysis as it has been utilized for under 15 years. The first description of MALDI-

TOF being used to analyze biopolymers with molecular weights over 10,000

g/mol was done in 1988 by Karas and Hillenkamp.145 Karas and Hillenkamp

obtained a spectrum of bovine albumin, which has an approximate molecular

weight of 67,000 g/mol.
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Later, in 1992, the same researchers sdccessfully applied MALDI-TOF to

the analysis of synthetic polymers in which they obtained a spectrum of

146

polystyrene with a molecular weight of 70,000 g/mol. > This was a significant

achievement, as syhthetic polymers tend to be polydisperse, which result's in
broad peaks. Anotr;er hurdle that had to be overcome was the féct that synthétic
polymers are typically not soluble in aéueous solutions and thus, had to be
prepared and treated differently than biopoly’me-rs. |

Since the early descriptions, the teéhnique of MALDI-TOF MS has

matured rapidly. This developing area of analytical chemistry has far reaching

applications in several areas including biochemistry and polymer science. There

147-154

are a number of reviews that cover the development of MALDI MS. For the

sake.of this work, a b'rief‘ description of the techniqué énd its uses in the field of

dendrimer chemistry are given.77

The distinguishing feature of MALDI is the method of analyte ionization. -
The anélyte is mixed with a matrix with a hatrix to analyte molar ratio that can
range from 500:1 to 10°%1. The entire system is under high vacuum with
pressures as low as 10® torr. The dry, solid mixture is pulsed with a laser
(typically a nitrogen laser at 337 nm). The matrix absorbs the laser energy and
transfers the enérgy to the analyte. This results in the formation of a gaseous ion

of the analyte. Choosing an appropriate matrix for a given analyte is often a trial
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and error endeavor. There is no certain way to deterrpine what matrix will work
with what analyte.
Because of the nature of the pulsed ion formation, MALDI is most often

teamed with a time-of-flight detector. Time-of-flight detectors have high sensitivity

and in principle no maximum mass range. In general, a detector is placed at the

end of a tube about one meter in length. The ions formed as a result of the laser

pulse are propelled down the tube by an electric field on the order of 30 kV.
' Since the time it takes for the ions to reach the detector depends on the mass
and charge of the analyte, the maés is determined by measuring the time it takes

to reach the detector.

Development of MALDI-TOF MS
Procedure for PAMAM Dendrimers

Working out the conditions for analyS|s of carbohydrate-functlonallzed
described using MALDI-TOF MS involved a significant amount of effort.
However, once appropriate Condltlons were determined and optimized, MALDI-
TOF MS has become of paramount irﬁportance to fhe success Qf this project.
The biggest hurdle was sample preparétio‘n-, specifiqally the determination of‘an |
appropriate matrix. -

As mentioned earlier, finding an appropriate‘matrix is a trial and error
endeavor. Not only was the matrix required to transfer energy to ;t_he dendrimers,

but since the dendrimers originally synthesized were not soluble in water, the
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matrix had to be soluble in organic solvents. In addition, the number of organic
solvents that could be used to dissolve the functionalized dendrimers was limited.
The only solvents that were found to solvate the original dendrimers (8-10) were
A/,A/-dimethylacetamide (DMA), DMF, and DMSO. Since DMSO and DMA are not
appreciably volatile, the only practical choice for MALDI sample preparation was

DMF.

CO2H

iIr

frans-3-indoleacrylic acid anthranilic acid

OH
CO2H
Q -
HO

2,5-dihydroxybenzoic
sinapinic acid acid (DHB)

OH O OH

2-(4-hydroxyphenylazo)-
benzoic acid (HABA)

Chart 2.1 Structures of organic acids that were surveyed for use as MALDI MS
matrices.

To find a matrix that worked for mannose-functionalized PAMAM

dendrimers, a number of standard matrices were surveyed. The matrices
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surveyed included sinapinic acid, 2;5-dihydroxybenzoic acid (DHB), 2-(4-
hydroxyphenylazo)-benzoic acid (HABA), anthranilic aéid, dithranol, and trans-3-
indoleacrylic acid (see Chart 2.1 for structures). All of the prospective matrices
were tested using various ratios of matrix to analyte.

In some cases (DHB for example), the matrix was not appreciably soluble

in DMF, which limited the range of matrix to analyte ratios possible. After

significant experimentation, it was found that the best matrix (in fact, the only
matrix of the ones tested) for mannose-functionalized PAMAM dendrimers was
trans-3-indoleacrylic acid (IAA).

While specific 'details are I\given in the experimental procédures section, a
brief description of the procedure is as follows. A DMF solution of the dendrimer
and a DMF solutioh of IAA were mixed so that the ratio of IAA to dendrimer was
between 3000:1 and 1000:1. An aliquot of this solution corresponding to 12-15
pmol of analyte was deposited on the MALDI targét plate. The sample was

allowed to dry over the course of an hour. With most matrices, the crystals

| formed have a definite shape and structure. The IAA typically did not form what

_one would consider “good” crystals. After drying, the results resémbled a film

more than crystals. Despite this, good signalé were obtained. In fact, it seemed
that the best results came when the matrix appeared more amorphous than

crystalliné. This is not typical for MALDI-TOF analysis.
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MALDI-TOF Results and Discussion

The MALDI-TOF MS of mannose-functionalized dendrimers 8-10 are
shéwn in Figure 2.4, .Figure 2.5, and Figure 2.6 respectively. In each of these
three figures, the top spectra is of the starting material G(4)-, G(5)-, and G(6)-
PAMAMSs.

Upon investigation of the MALDI spectra, two features are immediately
apparent. First of all, the peéks are quite broad. In the case of 10, the peak
spans a range of 40 kDa (Figure 2.6). This large range suggests a potentially
polydisperse molecule. Secondly, the peaks are centered at molecular weights
that are lower than the theoretical values. Table 2.1 shows the theoretical valués
and measured number-average (My) and weight-average (M,;) molecular weights
for the starting materials and products as well as the polydispersiﬁes (See
Appendix A for formulas used to calculate My M,, and polydispersities). In all

cases, the measured value was lower than the theoretical values.

Table 2.1 Mass (g/mol) and polydispersity data for 8-10 and G(4)-, G(5)-, and
G(6)-PAMAMs

Compound Mol Wit (theory) My My polydispersity
G(4)-PAMAM 14,215 13,135 13,170 1.0026
8 34,247 27,787 28,269 - 1.0174
G(5)-PAMAM 28,826 25,893 25,997 1.0040
: 9 68,890 - 57,562 58,270 1.0123
G(6)-PAMAM 58,048 52,882 53,035 1.0029

10 - 138,176 106,204 109,268 -1.0290
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Figure 2.4 MALDI-TOF MS spectra of (a) G(4)-PAMAM, (b) 8.
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Figure 2.5 MALDI-TOF MS spectra of (a) G(S)-PAMAM, (b) 9.
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60000 100000 120000
Mass (m/z)

(b)

40000 60000 80000 100000 120000 140000
Mass (m/z)

Figure 2.6 MALDI-TOF MS spectra of (a) G(G)-PAMAM1the peak centered
around 100,000 g/mol is dimer formed during the MALDI-TOF experiment, (b) 10.
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The “missing” mass can be traced back to-defects in the synthesis of the.‘
PAMAM starting materials (Scheme 2.4). There are three main errors that can
occur in the synthesis of a PAMAM dendrimer. Error A éhows the omission 01;
what amounts to a methyl acrylate and an ethyléne diamine (see Scheme 2.4) or

. a'CH,CH,CONHCH,CH,NH, vrépeating unit. This is the most common error and

would account for a loss of 114 mass uni’ts.155 Both error B and C involve the

formation of an.amide eifhef inter- or intra-moiecularly. This would account for a
loss of 60 mass units, though in the case of dimer formation, the resulting
molecule Would be twice as large as expected making the loss of 60 mass units
imperce‘ptible upon analysis. In addition, since the dimer would be so Iérge, it
should have been r‘emoved\ during the commercial synthesis of the starting.
material.

If we consider the PAMAM starting materials and simplify the situation by
assuming that all errors occur in the outer generation, subtraction of M,, from the
theoretical molecular weight of the starting materials and division by 114
indicates that on average 9, 26, and 44 terminal amino groups. are missing from
G(4)-, G(5)-, and G(G)-PAMAM respectively. The iterati_ve synthesis'of PAMAMS
(see Scheme 1.1) supports ’ghe assumption that the majority, if not all, of the
missing groups are in the outer layer. Using electroépray, Tomalia et al. have

reported that the average molecular weights of the PAMAMSs are actually smaller
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than the theoretical molecular weights; our MALDI results are consistent with

Tomalia’s electrospray MS result.155

PAMAMAhNH

Error A
Missing repeating unit
-114 amu y

Error B

Intramolecular PAMAM HH
PAMAMhN Cyclization

-60 amu

Error C \
Dimer formation
(mass doubles)

N—=+PAMAM

PAMAM h N

Scheme 2.4 Various errors leading to imperfect PAMAM dendrimers

To determine the percent mannose functionalization of the dendrimers,
Mw of the dendrimer starting materials was subtracted from the Mw of the product
dendrimers 8-10. Division of the remaining masses by 313 (the molecular weight
of mannose residue 7) suggest that an average of 48, 87, and 176 mannose
units are incorporated into 8-10. On the basis of the number of amino groups
determined above, this corresponds to a percent incorporation of 87% for 8, 87%

for 9, and 83% for 10.



- functionalization of the dendrimer surface was achieved, MALDI suggests a

~ accurately than NMR can. The repetitive (and dynamic) nature of dendrimer.
“structure likely makes detection of dendrimer defects difficult by NMR. We

moreover propose that NMR alone is unable to adequately characterize surface-

. that NMR provides information only about the percent functionalization of

54

Although our initial 1_H NMR studies indicated that complete

considerably lower (83-87%) value. We propose that MALDI-TOF can account

for deletions in the dendrimer that would lead to lower functionalization more

functionalized dendrimer products.
Many literature examples report only NMR characterization of dendrimers.

For example, Okada and co-workers use °C NMR to determine whether any

primary amine groups on the dendrimer surface remain after functionalization.'®®

128, 144, 156 Support for complete functionalization is made by thé absence of

peaks in the *C NMR spectra ascribed to the a--and p-carbons of the unreacted
primary amino groups.

While we do not dispute the results or quality of their work, we suggest

available endgroups. It does not indicate how many available endgroups are
present on the dendrimer, and thus, does nqt provide information about how
many residues have been placed on the dendrimer.

~ Although the MALDI signals are broad, the pdlydispersities are quite good;

no value is above 1.03, see (Table 2.1).Tomalia et. al. have also reported
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polydispersities for PAMAM dendrimers that differ slightly from the values given

155

here. ™" This difference may simply be reflective of the less precise nature of the

MALDI-TOF data. That the shape of the product peak is a nearly perfect overlay
of the substrate peak indicates that most (if not’all) of the peak broadening in the
product is caused by the peak broadening ih the reactant (see Figure 2.4).

An internal standard of hofse heart myogldbih gives a much sharper sigﬁal
than G(4)-PAMAM (Figure 2.7a), indicating t.hat the peak broadening is due to
the dispersity in the dendrimers rather than to érrors in atte‘nuatioyn of the
insfrument (an external standard of horse heart myoglobin gave an even sharper
signal since no other peak is under the standard in this case). Also shown in |
Figure 2.7b is G(6)-PAMAM with bovine serum albumin (BSA) as an internal
standard. Again, Tomalia’s electrospray MS results predicted that the MALDI-

TOF signals would be broad because they are created by a nu_mber of

L .. 155
compounds of similar molecular weights.

A feat@re of MALDI that is worth noting is evident in Figuré 2.7. That is the
formétion of doubly charged molecules. Looking at’ both spectra in Figure 2.7_, the
peak farthest to the right is the parent ion (M*) of the reference (16,952.58 g/mol
for myoglobin in Figure 2.7a or 66,821 g/mol for BSA in Figure 2.7b). The next "
peak from the right is the parent peak of the G(4)-PAMAM (14,378.93 g/mql) in

Figure 2.7a and G(6)-PAMAM (51,500 g/mol) in Figure 2.7b. This is the singly

charged ion. The next peak from the right is a doubly charged ion of the
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reference molecule (M2 (8476.78 g/mol for myoglobin and 33301 g/mol for
BSA), while the peak farthest to the left is the doubly charged ion of G(4)-
PAMAM (7345.95 g/mol) or G(6)-PAMAM (26,300 g/mol).

A
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Figure 2.7 MALDI-TOF MS spectra of (a) G(4)-PAMAM with horse heart
myoglobin, (b) G(6)-PAMAM with bovine serum albumin.
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The formation of multiply charged ions of molecules in MALDI is common,
’ especiélly with macromolecules. In fact, it is common when using MALDI to see
dendrimers that form ions with five or six chafges on them. Figure 2.4, Figure
2.5, and-Figure 2.6 show the formation of multiply charged ions.

The formation of dimers during the MALDI-TOF MS experiment is also
very comrﬁoh. If the sample is concentrated enough and the laser power is high
enough, dimers will form ln tHe mass spectrometer. Figure 2.6a shows a broad
peak centered at about 100,000. This is a dimer of the G(6)-PAMAM being
analyzed. When a dimer is detected in the spectrum, it is necessary to determine
whether the dimer is present in the sample or whether it is merely forming during
the MALDI experiment. To do so, the concentration of the sample and the Iasér
power are varied. If the intensity relative to the other peaks changes, thié
indicates the dimer is being formed during the MALDI experiment and is not

present in the sample.

MALDI-TOF Analysis of Dendrimer Functionalization Reaction

During this phase of the project, it was found that amino terminated
PAMAM dendrimers could be eaéily functionalized using isothiocyanates.
Howéver, more information regarding the actual reaction was desired. In order to

determine how long it took for the reaction to reach completion, and whether an
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excess amount of isothiocyanate was beneficial or necessary, a pair of
experiments were run in which the results were followed by MALDI-TOF.

In the first experiment, the formation of 8 (Scheme 2.3) was monitored by
MALDI-TOF as 7 was added. An aliquot of the reaction was removed after each
addition of 10 equivalents of 7. The aliquot was prepared for MALDI-TOF as
described in the experimental procedures. Removing an aliquot after the addition
of 10 equivalents of 7 was continued until a 2.5-fold excess of 7 (160

equivalents) had been added. A graph of the results is seen in Figure 2.8.

Mass of 8 vs. equivalents of 7

30000
28000
26000
<2 24000

22000
~ 20000
3 18000
0) 16000
A 14000

12000
Equivalents of 7

Figure 2.8 Graph showing the relationship between equivalents of 7 added and
molecular mass of 8. The solid vertical line marks the theoretical maximum of
number of amines on the surface. The dashed line marks the experimentally
determined maximum number of amines that are actually on the surface (the
lines connecting the dots are included to show the relative relationships between
dots; A curve fit is not implied).

A couple conclusions can be made from this data. First, the addition of an

excess of isothiocyanate is not necessary. The reaction between the amines and
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the isothiocyanate works so well that the dendrimer is fully functionalized even
after the minimum number of equivalents of isothiocyanate has been added.
Another interesting observation is that the maximum mass is reached
before the theoretical maximum number of equivalents (64) of 7 has been added.
The solid vertical line on the graph shows the theoretical number of equivalents
necessary. The dashed line shows the experimentally determined maximum
number of amines on the surface and thus the actual maximum number of
equivalents (55) of 7 needed. The maximum mass is reached just before 55
equivalents of 7 have been added, indicating that there are not 64 amines
available on the surface as expected, which is consistent with our earlier mass

spectrometry results.

Mass of 8 vs. time of reaction

0 20 40 60 80 100 120 140 160 180 200

Time (minutes)

Figure 2.9 Graph of mass of 8 versus time of reaction between G(4)-PAMAM and
7.
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The second experiment was performed to qualitatively measure the rate of
reaction, in order to determine whether lengthy reaction times were necessary.
To do this experiment, 70 equivalents of 7 were added to G(4)-PAMAM in DMF‘. |
At various time intervals, a 1 pL aliquot was removed and immediately prepared
for MALDI-TOF analysis. The masses were then determined for each time
interval. The results are shown in Figure 2.9. From this graph it is obvious that
the reaction is complete rather quickly. In fact, after only about 20 minutes the

mass of 8 has reached a maximum. Extended reaction times are not necessary.

Solubility Issues

Although the synthesis and characterization methods described here will
likely prove quite valuable to us and other researchers synthesizing
biomacromolecules, compounds 8-10 are not soluble in aqueous solutions. The
only readily available solvents that could dissolve 8-10 were DMA, DMF and
DMSO. Because of the solubility problems, studies of the activity of 8-10 with
lectins éould be perforrﬁéd only under forcing conditions. Hemagglutinatioh
aséays performed in 1‘:1 DMSO:aq.ueous.buffer indicate that both 8 and 10 are
roughly 2 orders of magnitude more active witﬁ Concanavavlin A (Con A) than
methyl mannose (details of the hemagglutiﬁ_ation assay will be given Igter in the
context of successful results). While resuil'ts ‘Weré obtained, reprodUcibility was

difficult as the high levels of DMSO interfered with the assay. .
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The solubility problems encountered were surprising, considering the

number of hydroxyl groups on the surface but not unprecedented. Roy et. al.

have synthesized similar molecules and experienced similar solubility issues. 2>

157 The aqueous insolubility may be a result of the presence of the hydrophobic

phenyl ring in combination with the amphiphilic nature of the carbohydrates,
though the former is the more likely culprit. The obvious solution (as will be seen
later) was to replace the phenyl ring with a linker that would enhance rather than

detract from the solubility.

Summa‘[y

Even though this first approach produced dendrimers that were no"t water-
soluble, the r'esults and knowledge gained were critical to the success of this
project. To our knowledge, this was the first repdrt of the synthesis oIf a
mannose-functionalized dendrimer larger than the fifth generation. The mannose
functionalizaﬁon of G(4)-, G(5)-, and G(6)-I5AMAM denc‘irimers using a thiourea
linkage was found to occur in high yield (77-92%) with good percént
incorporation of suéar residues (~85%). We suggest that isothiocyanates, which
are readily prepared, are excellent reagents for reactions with amino-terminated
dendrimers. -

Moreover, our research iﬁdicates that MALDI-TCF MS is an excellent

method of characterization for macromolecular systems including dendrimers.
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Although the resulits are less precise than those of sophisticated methods such
as the previously described electrospray ionization Fourier transform ion

cyclotron resonance mass spectrometric methods,155 even large compounds

(MW = 100,000 g/mol) can be evaluated using MALDI-TOF. We propose that
MALDI-TOF MS may be the simplest, most practical means of accurately

characterizing dendrimers.

Experimental Procedures

General methods

General reagents were purchased from Aldrich, Sigma, and Acros.
Generation 4 PAMAM dendrimers were purchased from Aldrich. Generations 5
ahd 6 PAMAM dendrimers were purchased from Dendritech. All solvents and

reagents were used as supplied. All melting pdints are uncorrected.

MALDI

Matrix assisted laser desorption ionization (MALDI) mass spectra were
acquired using a PerSeptive Biosystems Voyager RP time-of-flight mass
spectrometer time-of-flight mass spectrometer. Positive ion mass spectra were
acquired iyn linear mode, and the ions were generated by using a nitrogen laser
(337 nm) pulsed at 3 Hz with a pulse width ofé nanoseconds. lons were
accelerated at 25,000 volts and amplified using a multichannel blate. Spectré (45

to 200) were acquired and downloaded to a computer for data processing. Data
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processing was performed using GRAMS (Gallactic Industries-Salem, NH).
Spectra of all dendrimers were obtained using a frans-3-indoleacrylic acid matrix
with a matrix-analyte ratio of 8500:1. Horse heart myoglobin (MW 16,969 g/mol
or bovine serum albumin (MW 66,431 g/mol)) was used as an external standard.
An aliquot corresponding to 13.8 pmol of the analyte was deposited on the laser
target. Values of Mn, Mw, and polydispersity were obtained by selecting the
theoretical molecular weight of the compound as one endpoint and a point of
comparable intensity on the other side of the peak as the second endpoint (to
account for a slightly uneven baseline). Although values are obviously not
accurate to a single amu, full values are reported and carried through
calculations of sugar incorporation (or amino residue deletion) and the final value

is rounded to the nearest whole number of sugars (or amine residues).

Synthetic procedures

OH

p-Aminophenyl-a-D-mannopyranoside.141 A solution of p-nitrophenyl-a-D-

mannopyranoside (4.90 g, 16.3 mmol) in methanol (500 ml_) was hydrogenated
with Pd/C (700 mg, 5%). After 4 hours, the catalyst was removed by filtration,
and the methanol was evaporated in vacuo \o give 4.40 g (98%) of product as

white fluffy crystals. An analytical sample was crystallized from ethanol: m.p.
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165-166 °C (lit. 164 0C141) 1H NMR (500 MHz, CD3SOCD3 6 6.78 (d, 2H, J = 8.7

Hz, PhH), 6.48 (d, 2H, J = 8.7 Hz, PhH), 5.06 (s, 1H, H-1), 4.89 (d, 1H, C-2 OH),
4.78 (d, 1H, C-4 OH), 4.67 (d, 1H, C-3 OH), 4.44 (t, 1H, C-6 OH), 3.77 (s, 1H, H-
2), 3.55-3.65 (M, 2H, H-3, H-6), 3.49-3.50 (m, 3H, H-4, H-5, H-6) ppm; 13C NMR
(75 MHz, CD30D) 6 151.0, 143.4, 119.2, 117.8, 101.3, 75.1,72.4, 72.2, 68.4,

62.7 ppm.

OH

p-Isothiocyanatophenyl-a-D-mannopyranoside (7). p-Aminophenyl-a-D-
mannopyranoside (4.00g, 14.8 mmol) dissolved in 95% EtOH (350 m_) was
stirred while thiophosgene (2.55 g, 1.7 m_, 22.2 mmol) was added via syringe.
After 10 min, the solvent was removed in vacuo to produce a brown solid. The
product was crystallized from 70% aqueous EtOH to yield 3.72 g (81%) of 7 as
white fluffy crystals: m.p. 180-181 oC; 1H NMR (300 MHz, CD3SOCD3 8 7.37 (d,
2H, J = 8.8 Hz, PhH), 7.12 (d, 2H, J = 8.8 Hz, PhH), 5.39 (s, 1H, H-1), 5.04 (d,
1H, C-2 OH), 4.84 (t, IH, C-6 OH), 4.76 (d, 1H, C-3 OH), 4.44 (d, 1H, C-4 OH),
3.80 (s, 1H, H-2), 3.25-3.70 (m, 5H, H-3, H-4, H-6 (2H), H-5) ppm; 13 NMR (75
MHz, CD3SOCD3J3 8 156.0, 126.9, 125.4, 117.9, 99.3, 74.6, 71.3, 70.8, 67.2, 61.6

ppm; IR (KBr) 3500, 2094 cm"1
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Generation 4.0 PAMAM-based thiourea-linked phenyl-o-D-
mannopyranoside dendrimer (8). A methanolic solution of amine-terminated
G(4)-PAMAM dendrimer (1.5 g of a 10% (w/w) solution in MeOH, 11.6 pmol of
dendrimer based on the M,, of 13,170 g/mol as determined by MALDI-TOF) was
evaporated under reduced pressure. The resulting residue was dissolved in DMF
(15 mL) followed by the addition of 7 (254 mé, 0.82 mmol, 71 equiv). After 8 | |
hours, the solvent was removed under reduced pressure. The resulting off-white
solid was dissolved in DMSO (2 mL) and dialyzed égainst 2:1 DMSO:H,0 (MW
cutoff 1 kDa). The solution was Iyophilized to give 301 mg (92% based on the M,,
of 28,260 g/mol as determined by MALDI-TOF) of 8 as an off -white solid. *H
NMR (500 MHz, CD,;SOCD,) $ 9.38 (bs, 1H, NHC(S)NHPh), 7.98 (bs, 1H,
NHC(S)NHPh), 7.50-7.85 (2bs, amide NH's), 7.20 (d, J= 8.2 Hz, 2H, ArH), 6.99
(d, J=8.2 Hz, 2H, ArH) 5.28 (s, 1H, H-1); 5.00 (bs, C-2 OH), 4.81 (bs, C-6 OH)
4.75 (bs, C-3 OH), 4.45 (bs, C-4 OH), 3.78 {bs, 1H, H-2), 3.25-3.70 (m, 5H, H-3,
H-4, H-6 (2H), H-5), 2.90-3.25 (m, 4H, CH,), 2.05-2.75 (m, 8H, CH,) ppm; °*C
NMR (125 MHz, CD,SOCD,) 8 180.7, 171.8, 171.4, 153.6, 133.0, 125.5, 118.1,
116.9, 99.2, 74.8, 70.7, 70.1, 66.7, 61.1, 52.2, 49.5, 43.6, 38.0, 36.9, 33.1 ppm;
MALDI-TOF MS (pos) m/z 28,024 (calcd 34,247 for C,454H2008N3140505564)

Generation 5.0 PAMAM-based thiourea-linked phenyl-a-D-
mannopyranoside dendrimer (8) unoptimized conditions. A methanolié solution of

amine-terminated G(5)-PAMAM dendrimer (0.79 g of a 28% (w/w) solution in
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MeOH, 221 mg, 8.5‘,umol of dendrimer based én the M, of 25,990 g/mol as
determined by MALDI-TOF) Was evaporated under reduced pressure. The
resulting residue was dissolved inr DMF (15 mL) followed by the addition of 7
(486 mg, 1.55 mmol, 180 equiv). After 8 hours, the solvent was removed under
reduced pressure. The resulting off-white solid \l/vas dissolved in DMSO (2 mL)'
and dialyzed against 2:1 DMSO:H,0 (MW qutoff 1 kDa). The solutiqn was
lyophilized to give 380 mg (77% based on the M,, of 58,270 g/rhol as determined
by MALDI-TOF) of 9 as an‘ off -white solid. '"H NMR (500 MHz, CD,SOCD,) § |
9.37 (bs, 1H, NHC(S)NHPh)_, 7.97 (bs, 1H, NHC(S)NHPh), 7.45-7.85 (2bs, amide
NH's), 7.20 (d, J= 8.2 Hz, 2H, ArH), 6.98 (d, J=8.2 Hz, 2H, ArH) 5.28 (s, 1H, H-
1), 5.00 (bs, C-2 OH), 4.81 (bs, C-6 OH) 4.75 (bs, C-B OH), 4.45 (bs, C-4 OH),
3.78 (bs, 1H, H-2), 3.25-3.70 (m, 5H, H-3, H-4, H-6 (2H), H-5), 2.90-3.25 (m, 4H,
CH,), 2.05-2.75 (m, 8H, CH,) ppm; 13.C NMR (125 MHz, CD,SOCD,) 6 180.7,
171.9, 171.4, 153.6, 132.9, 125.5, 116.9, 99.2, 74.8, 70.6, 70.1, 6.6.7, 61.0, 49.5,
48.6, 43.6, 38.0, 33.1 ppm; MALDI-TOF MS (pos) m/z 57,952 (calcd 68,890 for
CogosH1448N63401020S 126) - |

Generation 6.0 PAMAM-based thioufea—linked phenyl-a-D-
manhopyranoside dendrimer (10). A methanolic solution of amine-terminated
G(6)-PAMAM dendrimer (2.4 g of a11% (w/w) solution in ‘M‘eOH, 5.1 pmol of
dendrimer based on the My, of 53‘;000 g/mol as determined by MALDI-TOF) was

evaporated under reduced pressure. The resulting residue was dissolved in
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DMSO (15 mL) followed by the addition of 7 (415 mg, 1.33 mmol, 261 equiv).
After ,8‘hours, the reaction mixture was dialyzed against DMSO (MW cutoff 1
kDa). The‘ solution was lyophilized to give 473 mg (85% based on the M,, of
109,268 g/mol as determined_by MALDI-TOF) of 10 as an off-white solid. 'H
NMR (500 MHz; CD,SOCD,) 8 9.36 (bs, 1H, NHC(S)NHPh), 7.96 (bs, 1H,
NHC(S)NHPh), 7.40-7.85 (2bs, aﬁide NH's), 7.20 (d, J=8.2 Hz, 2H, ArH), 6.98
(d, J=8.2 ,Hz., 2H, ArH) 5.28 (s, 1H, H-1), 5.00 (bs, C-2 OH); 4.81 (bs, C-6 OH) |
4.75 (bs, C-3 OH), 4.45 (bs, C-4 OH), 3.78 (bs, 1H, H-2), 2.90-3.70 (m, 9H, H-3,
H-4, H-6, H-5, CH,), 200-2.75 (bm, 8H, CH,) ppm; "°C NMR (125 MHz,
CD,SOCD,) $ 180.7, 171.9, 171.5, 153..6,‘132.9; 125.5, 1%7.0, 99.2, 74.8, 70.6,
70.1, 66.7, 61. .0,52.1, 49.5, 48.6, 43.6, 38.0, 36.9, 33.1 ppm; MALDI-TOF MS

(pos) m/z 107,677 (calcd 138,176 for CggroHgg00N 1274020445 256)-
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CHAPTER 3

SYNTHESIS OF POLYETHYLENE GLYCOL MANNOSIDE DENDRIMERS

[Portions of the work described in the following sections has been published in:
Woller, E. K,, and Cloninger, M. J. (2002). The Lectin Binding Properties of Six
Generations of Mannose-Functionalized Dendrimers. Organic Letters, 4, 7-10.]

Background

After having successfully synthesized and characterized mannose-
functionalized PAMAM dendrimers 8-10, we focused our attention on the
synthesis of water-soluble analogs. To this end, it became obvious that the most
straightforward change would be to replace the phenyl ring of 7 with some linker
that could improve the solubility in water. Upon consultation with colleagues and

perusal of the literature, we decided our best approach would be to use a

polyethylene glycol (PEG) linker in place of the phenyl ring (Figure 3.1).158 161

OH OH
OO -T -ncS
. 11;n=1 n
12, n=2

Figure 3.1 Molecules 11 and 12 were targeted to increase the water solubility of
the subsequent functionalized PAMAM dendrimer.

At the outset, it was not clear whether 1-0-(5-isothiocyanato-3-oxapentyl)-

a-D-mannopyranoside (11) or 1-0-(8-isothiocyanato-3,6-dioxaoctyl)-a-D-
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mannopyranoside (12) would be better. The only difference between the two is
the length of the PEG linker. The solubility of the functionalized dendrimers would
have to be evaluated, but it was hoped that the shorter PEG linker (as in 11)
would be sufficiently soluble. This is mainly due to the desire to maintain as much
rigidity in the linker as possible so that the spatial orientation of the carbohydrate

can more easily be ascertained.

Synthesis of Carbohydrates

The general procedure for the formation of 11 or 12 was to couple an
appropriate alcohol in the presence of a Lewis acid with a carbohydrate
possessing an activated anomeric position. The desired method for the activation
of the anomeric position was the use of a trichloroacetimidate. The coupling

procedure between a-D-mannosy! trichloroacetimidate 13 and a generic alcohol

is shown in Scheme 3.1.

Scheme 3.1 General reaction for the coupling of alcohols with mannose.

This method is attractive because a wide range of alcohols can be used,

but more importantly, the product is predominantly the a anomer. In the case of
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mannose, as will be seen later, the 0 anomer is undetectable by NMR. This is
due in part to the anomeric effect.

The anomeric effect, illustrated in Figure 3.2a, involves the overlap of the
axial nonbonded electrons of the cyclic oxygen with the antibonding sigma orbital
of the exocyclic carbon-oxygen bond. This overlap is favorable enough to
overcome the steric cost of having a group in the axial position. Another result of
the anomeric effect is that the cyclic C -O is shortened and the exocyclic C-O
bond is lengthened. The anomeric effect is general for most sugars and other

pyranose type molecules.

@) ()

Figure 3.2 (a) The anomeric effect involves overlap of the nonbonded electrons
on the cyclic oxygen with the o* orbital of the exocyclic C-O bond, (b)

Neighboring group patrticipation of the acetyl group with the anomeric position.

In the case of mannose, in which the 2-OH group is in the axial position,
there is an even more biasing feature. When the hydroxyl groups are protected
with some type of ester (typically acetate or benzoate) the protecting group on
the 2-OH group can participate with the anomeric group. This neighboring group
participation results in formation of an intermediate shown in Figure 3.2b. The
carbonyl oxygen forms a bond with the anomeric carbon to form the

oxocarbenium ion shown. Because the group is in the axial position, it effectively
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blocks the nucleophile from attacking from the equatorial position, which in the
absence of the neighboring group participation would be less hindered. The
combination of the neighboring group participation and the anomeric effect

results in the exclusive formation of the a anomer.

The synthesis of 13 is shown in Scheme 3.2.162-164 Peracetylation of D-

mannose was achieved using acetic anhydride in pyridine. The anomeric position
was selectively deprotected using hydrazine acetate in DMF at 55° C. The
formation of the trichloroacetimidate 13 was achieved by reaction with
trichloroacetonitrile in CHZCI2in the presence of KX2O3 The use of
diazabicyclo[5.4.0Jundec-7-ene (DBU) as base to form 13 was also explored, but

product purification was much easier when KZ2O3was used.

OH QAc
HO-kX OH 1) Ac20, py AcO-kX OAc
Hor ° K > 2) NH2NH2ZACOH acoT " -K

3) CCI3CN, K2CO3
OH (53%, 3 steps)
a-D-mannose 13 nh

Scheme 3.2 Synthesis of acetyl protected a-D-mannosyl trichloroacetimidate.

,CClc

Attempted Synthesis of 1-0(8-isothiocyanato-
3.6-dioxaoctyl)-(x-D-mannopyranoside

OH

12 Ox~o/~0/x ™ °'x /~"NCS
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A number of approaches were taken to synthesize 12. As will be seen

later, the subsequent éucc,ess in the formation of gram quantities of 11 made the

pursuit of 12 unneceséary at this time. However, during the attempt to form 12 a

significant amount of information was learned about molecules such as 11 and

12. Also, one could envision a future evaluation of the effect of tether length on

the lectin binding properties of Con A. In such a study 12 would be essential.

The first step towards forming 12 required the synthesis of an alcohol that
could be coupled with 13 to form either 12 or a precursor that could easily be
converted to 12. The most obvious alcohol to use would be 15 (shown in Scheme
3.3), howeyer‘; whether thé isothiocyénafe would survjve the acid catalyzed
coupling reaction or not was a serious question. Under the Lewis acid catalyzed
reaction conditions, the alcohol and isothiécyahate might react to form a
thiocarbamate (among other deleterious side rgactions). As will be seen later,
this fear wés unfounded, though at this stage a cautious approach was explored.

A variety of alcohols are shown in Scheme 3.3. Mono-mesylation or mono-
tosylation of triethylene glycol was accomplished according to published |

procedures by reaction with methanesulfonyl chloride or p-toluenesulfonyl

chloride in the presence of triethylamine to form 16 or 17, respectively.159 The

mesylate or tosylate was displaced by azide in refluxing acetonitrile to form 18 in

moderate yield.
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Since the overall yield for formation of 18 was rather poor (including the
guaranteed loss of desired product due to formation of dimesylate or ditosylate
during formation of 16 or 17), another method for the formation of 18 was
explored. The reaction of NaN3with 2-(2-(2-chloroethoxy)ethoxy)ethanol (19)
proved to be a much better approach. The conversion of 19 to 18 occurred in

96% vyield, which offset additional cost of purchasing 19 rather than the cheaper

triethylene glycol.

MsCI or TsCl
HO"Q"O"QH THF, Et3N H 0 X/ o
39-45% 16: R= Ms
17: R=Ts
NaN3,CH3CN
79°C
CHSCN3§IN§9°C H  45-55%
HC X" q-?C X /—al| ’ HC X/xg" —"-"""N3
19 96% 18
PPh3, THF
H20 (1.5 equiv)
v96%

Et3N (2 equiv)
CH2CI2 HOx/ "G/ O x /™ NH2

15 58% 20
FMOC-CI
Dioxane
K2C0O3
FMOC WB7%

ho**O /" 0'-"NHFMOC
21

Scheme 3.3 Formation of various alcohols for the attempted synthesis of 12.
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Reduction of the azide to the amine 20 occurred smoothly in the presence
of PPh, in wet THF. The conversio_n of 20 to the isothiocyaﬁate i5 occurred in
modest yield. Thg‘isothioéyanéto alcohol.15 was formed with the intent of using it
to heterogeneously functiqnalize the PAMAM dendrimer rather than to directly
couple it to the écti\/ated sugar 13 for reasons previously described.

The aminé was proteéted with a 9-ﬁuorenylmethoxycarbonyl (FMOC)
protecting group. The FMOC protected 21 was formed in 87% yield using FMOC
chloride in the presence of K,CO, irn dioxane.

Several approaches were attempted to form 12, two of which are shown in
Scheme 3.4. The first attempt started with the coupling‘ of 18 to 13. Thig was
done by using one équivalent of BF;*E1,0O in the presence of 4A molecular sieves
in dry CH,Cl,. Literature references on similar systems report the use of TMSO'Tf,'
however in our hands, the 'BFS-Esz mediated reacti‘onl proceéded in much higher
yield.

The azide 22 was redu\ced either using hydrogen in the présencg of
palladium on carbon or by the use of PPh; in wet THF. Both méthods gave
similar resdlts, though the hydrogenation rgaction was easier to purify.

With the amine in hand, attempfs to form the isothiocyanaté were less
than successful. Very low yieids of the product were obtained, and it became

evident that this procedure was not going to be adeqhately productive.
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OAc
4A m.s., CH2C
52%
22 0x/"o/x+0x/'l 25 NHFMOC
NaOMe
H2L Pd/C MeOH
EtOH 55%
or
PPh3, H20
THF 25a 0'rnoANeIANN HFMOC
55-60%
w piperidine
OAC v. low yield
1
93 NH2 26 Ov/™al\lO xI™ )
CI2C=STHCI3 CI2C=S
Et3N CHCI3
v. low yield Et3N
v V. low yield
OAc OH
NaOMe/MeOH

24 ON-cT'—ONMNCS 12 NCS

Scheme 3.4 Reactions in an attempt to form 12.
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Similar results were achieved using the second method shown in Scheme

3.4. In this reaction sequence, the same conditions were used to couple 21 to 13.

Deprotection of the amine in neat pipieridine165 resulted in the removal of the

FMOC protecting group, in addition to the acetyl groups to form 26. Incidentally,
the acetyl groups of 25 could be re‘mqved to form 25a using NaOMe:MeOH
without removing the FMOC Qroup. The reaction of 26 with thiophosgene in
CHCI; showed that 12 could be formed albeit in very low yield.

" Since the vield in the isothiocyanate-forming step was so low, few of the
otﬁer reaction conditions in Scheme 3.4 wére optimized. However, it was during ‘
this time that ongoiné work to synthesize 11 revealed that 11 could easily be
formed and that the use_of 12 may be unﬁgcessary at this time. Therefore, work
to develop a route t6 12 was abandoned.

Although none of thé compounds shown in Scheme 3.4 were used in‘
dendrimer functionalization, they did suggest importént improvements in tether
solubility. For éxample, compound 23 was not very soluble in water while 26
(which lacked the acetyl protecting groups) was very soluble in water. While this
was certainly no proof that thg dendrimer functionalized with ﬁ or 12 would be
soluble, we anticipated that similar solubility properties would manifest

themselves in the macromolecule.
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Synthesis of 1-0-(5-isothiocyanato-
3-oxapentyn-a-D-mannopyranoside

OH

As in the development of 12, the synthesis of a suitable alcohol to couple
to 13 to form 11 was necessary. However, in this case it was much more
straightforward. Originally, the various manipulations required for the formation of
12 were planned in an analogous manner to the formation of 11. However, due to
the difficulties in making 12, direct coupling of the isothiocyanato alcohol to the
activated sugar was explored. To that end, readily available amino alcohol 27
was converted to the isothiocyanate 28 using thiophosgene in the presence of

Et3N in 68% yield (Scheme 3.5).

ClI2C=S1CH2CI2
Et3N (2 equiv)

ho™ » 0™ ™ ncs

HOV x0ZxvxNH2

27 68% 28
Scheme 3.5 Synthesis of the short PEG isothiocyanato alcohol.

The coupling of 28 to 13 turned out to be relatively straightforward. In the
presence of one equivalent of BF3 Et2D and 4A molecular sieves, the reaction
proceeded quite smoothly in 77%. As before, other Lewis acids were surveyed,

including TMSOTTf, however, BF3-Et2D was the best. The BF3 Et20 catalyzed
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reaction proceeded so well that it could be scaled up to multi-gram quantities
without appreciable loss of yield.

To form 29, the acetyl protecting groups are required. Manipulations to
form 7, on the other hand, did not require hydroxyl protection. For reasons that
will be discussed later in context of characterization of the functionalized
dendrimers, deprotection of the hydroxyl groups was not performed on 29 until

after it was attached to the dendrimer.

OAcC

0o W u
28, CH2CI2, 4A m.s. AcO-kX OAc
BF3-Et20 (1 equiv)  AcoA™~'Q

13 77% 29

Scheme 3.6 Successful attempt of coupling an alcohol to 13 in the presence of
an isothiocyanate group.

As expected, only one anomer was formed during the coupling reaction
(Scheme 3.6). Due to neighboring group participation of the C-2 acetyl group,
the exclusive product was most likely the a anomer, although proof was needed.
Typically, IH NMR is sufficient to determine the stereochemistry at C-1 by
observing the strength of coupling between the anomeric proton and the proton
on C-2. For example, in the case of glucose, the coupling constant for the
anomeric proton is around 3 to 4 Hz for the a anomer (i.e. the proton is in the

equatorial position and the coupling with the axial H-2 is weak) while it is around
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10 to 14 Hz for the 3anomer (i.e. the proton is in the axial position and the
coupling with the axial H-2 is much stronger).

However, in mannose because the proton on C-2 is in the equatorial
position, the coupling between the H-1 and H-2 for both anomers is weak, and
the coupling constant is small, around 3 to 4 Hz, for both anomers. In order to
determine the stereochemistry, the H-13C coupling constant must be used. For

the a anomer the coupling constant is around Uch 171 Hz and for the @anomer it

is around 1ch 154 Hz.166-168 The constant for 29 was determined to be 1Jch 172

Hz, which indicates 29 is indeed the a anomer as expected.

With the knowledge that the reaction in Scheme 3.6 works so well, the
same strategy was applied to the formation of 24 (the protected form of 12)
directly from 13 and the isothiocyanato alcohol 15 (see Scheme 3.7). The yield
was lower, but the reaction worked well. However, based on results from
dendrimers functionalized with 29, the formation of 12 or 24 was no longer

necessary at this time.

Scheme 3.7 Application of successful coupling conditions of an alcohol to 13 in
the presence of an isothiocyanate group.
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OAc
n equivs
PAMAM
DMSO, 8h, rt
PAMAM
30G(1); R=Acin=38 36 G(1); R=H,n=8
31 G(2); R=Ac,n=16 37 G(2); R=H,n=16
32G(3); R=Ac,n=32 NaOMe " 33 G(3); R=H,n=32
33G@); R=Ac,n=64 MeOH 39 G(4); =Hn=64
34 G(5); R=Ac,n=128 40 G(5); R=H,n=128
35 G(6); R=Ac,n=256 41 G(6); R=H,n=256

Scheme 3.8 Functionalization of first- through sixth-generation PAMAM
dendrimers.

Dendrimer Functionalization Using 1-0(5-isothiocyanato-
3-oxapentvn-2.3.4.6-tetra-0-acetvl-a-D-mannopyranoside
The functionalization of G(1)-, through G(6)-PAMAM dendrimers is shown
in Scheme 3.8. Addition of 29 to the dendrimer gave acetylated dendrimers 30-

35. Excess 29 was removed by dialysis against DMSO (cellulose tube, MW cutoff
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1000 g/mol). Lyophilization of the DMSO left a sticky, off-white solid. At this stage
(i.e. acetylated) the dendrimers 30-35 were not soluble in water.

Global deacetylation of 30-35 was accomplished using Zemplén

conditions (NaOMe in MeOH:H,O 1:1 )169’ 170 46 form dendrimers 36-41.

Acetylated dendrimers 30-35 were not appréciably soluble in the methanol:water
mix. Therefore, a suspension of 30-35 was stirred vigorously until all reactants
had dissolved. The prodUcts, 36-41, were soIUbIe in the methanol:water mixture,
but more importantly, they were soluble-iﬁ just wa’éer. The products were purified
by dialysis against methanol:water 1:1 which was eventually converted to water.
Lyophilization of the water resulted in 36-41 in purified form as fluffy white solids;
Although the acetyl protecﬁng group_s are not required dufing thiourea
formation, we have chosen to deprotect the sugars after ad;jition to the
dendrimer. This is because the acetyl groups give diagnostic signals in the 'H
NMR specira-and b‘écause the ﬁolecu[ar y\(eight (MALDI-TOF MS) of the
products both before and after deécetylatjon can be compared to det'e_rmine the

number of sugars \pr‘esent (vide supra).

NMR Characterization

The 'H NMR (500 MHz) spectra of acetyl-protected mannose-
fuhctionalized dendrimer 31 and deacetylated form 37 in d;-DMSO are shown in

Figure 3.3. The spectra of acetyl-protected mannose-functionalized dendrimer 33
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and deacetylated form 39 in-d;-DMSO are 'shown ih Figure 3.4, and the spectra
of acetyl-protected mannose-functionalized dendrimer 35 and deacetylated form
41 in d;-DMSO are showﬁ in Figure 3.5.

For acetylate& dendrimers 30-35, the amide protons from the interior of
the dendrimer are the peaks that aré farthest downfield (7.7 ppm and 8.0 ppm).
The péak at 7.5 ppm is the thiourea NH signals. The peaks between 3.7 and 5.2
ppm are from the sugar proton signals. The peaks be’.tween 2.1 and 3.7 ppm are
a combination of sig’nal's from the dendrimer and the PEG linker. The acetyl
methyl group signals are clearly séen betwegn 1.8 and 2.1 ppm.

The relati‘vé infegratidns of‘the‘. peaks from the amide signals suggest that
a high degree of surface functionalization has been achieved. For example, in 31
theré are 12 amide and 16 thiourea protons, so a 1:1.33 ratio of peaks is
expected. Since the observed réjio is 1:1.25, this suggests that 96% of the
possible functionalfzation occurred. In all cases, NMﬁ indicates =90%
functionalization. Unfortuhately, the MALDI-TOF MS results suggest a lower

degree of surface loading.
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Figure 3.3 IH NMR spectra (500 MHz) of (a) 31 (b) 37 in G6DMSO.
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Figure 3.4 1H NMR spectra (500 MHz) of (a) 33 (b) 41 in G6DMSO.
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1.5 ppm

Figure 3.5 IH NMR spectra (500 MHz) of (a) 33 (b) 39 in G6DMSO.
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MALDI-TOF MS Characterization

The MALDI-TOF MS spectra 6f generation two PAMAM-based mannose-
functionalized dendrimers 31, 37, and the G(2)-PAMAM starting material are
shown in Figure 3.6. The spectra for generation four dend'rirﬁers 33, 39, and the
G(4)-PAMAM starting material are shown in FigLJre 3.7. The spectra for
generation six dendrimers 35, 41, and the G(6)-PAMAM starting material are
shown in Figure 3.8. For G(4)- to G(6)-PAMAMs, the measured molecular

weights of the dendrimers were lower than the theoretical values (see Chapter 2

155

for a discussion on the lower than expected molecular weights). ™ In all spectra,

the parent peak is the largest peak on the right of the épectra. The smaller peaks_
to the left of the parent peak are multiply charged molecules. -

Subtraction of the experimentally determined molecﬁl‘ar weight of the
PAMAM starting materials from the molecular weight of 30-41 and division by
477 (molecular weight of 29) or 309 (moleculér weight of deacetyla;ted 29)
indicates that the percent incorporation of mannose residues is 100% for G(1)-
and G(2)-PAMAMSs, 92% for G(3)-PAMAM, and 84%, 73%, and 63% for G(4)-, - |

G(5)-, and G(6)-PAMAM, respectively (Table 3.1).
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Figure 3.6 MALDI-TOF MS spectra of (a) G(2)-PAMAM, (b) 37, (c) 31.
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Figure 3.7 MALDI-TOF MS spectra of (a) G(4)-PAMAM, (b) 39, (c) 33.
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Figure 3.8 MALDI-TOF MS spectra of (a) G(G)-PAMAM, (b) 41, (c) 35.
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Table 3.1 MALDI-TOF MS détermination of mannose-functionalization of G(1)- to
G(6)-PAMAMS.

Dendrimer M,y from MALDI Calculated no. of Average %
(g/mol) Sugars® loading®

G(1)-PAMAM 1430 . — '
30 . 5280 8 100
36 © 3877 . 8

G(2)-PAMAM 3260 -
31 10960 16 100
37 8250 16

G(3)-PAMAM 6910 -
32 | 21000 30 92
38 15930 ‘ 29

G(4)-PAMAM 13500 -
33 , 39300 54 84
39 . 30620 55

G(5)-PAMAM 25500 -
34 69600 92 73
40 . 55000 95

G(6)-PAMAM 50800 —~
35 133500 173 67
41 103800 172 .

? For 30-35: # sugars = (MW, 35 — MWg ) _ce)pamam)/477. For 36-41: # sugars =
(MW36—41 - MWG(1)—G(6)-PAMAM)/ 309.

-* Average % loading based on theoretical number of endgroups.

Comparison of MALDI‘-TOF MS and NMR Data

The simplest explanation for the discrepancy between the NMR and the
MALDI-TOF MS determinations of percent Ioadihg is that, because of the high
‘deg‘ree of symmetry present in PAMAMSs, NMR does not identify structural

defects as well as MALDI-TOF MS. If we assume the loss of terminal
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CHZCHZCONHCHZCHzNH2 units (which corresponds to 114 mass units) as the
predominant defects present in the starting materials, then our results indicate
that at least 90% of the amines are fun'cfionalized. |

In other words, there are not as many amineé on the surface of the
dendrimers to functionalize as thought accOrdinQ to theoretical calculations. For
example, the difference betWee_n the théo;etical mass of a G(4)-PAMAM (14,215
g/mol; see Table 1_.1) and the MALDI-TOF value (13,500 g/mol; see Ta‘ble 3.1)is
715. If tﬁis is atfribu,ted to the loss of units“of 114 g/mol, that indicates six amines‘
are missing on the surface. Theoretically,.there are 64 .amines on the surface,
with the absence of six, there are only 58 left to functionalize. From Tab[e 3.1 the
actual number of sugars on the surface of 39 is 55, which corresponds to 95%
functionalization.

If the above CaICl.JIaﬁOI"IS are repeated for G(5) and G(6) the same frend is
observed. G(5)-PAMAM is missing 29 amines, which leaves the dendrimer with
99 surface amines, and, the degree of functionalization. of 40 is 95%. G(6)-
PAMAM is missing 64 amines, which leaves the dendrimer with 192 surface
amines, and if an a\)erage of 173 sugars have been added, the degree of
functionalization of 41 ié 90%. It rﬁust be noted, however, that the calculations
used to determine the number of missing amines rely on the assumption that the |
rr.lain source cﬁ error én thé PAMAM dendrimer. is the loss of

CHZCHZCO‘I\IHCHZCHZNH2 units on the outer shell. This assumption is made to
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simplify a botentially extremely complex problem (see Scheme 2.4 and |
discussion on page 52).

In essence, wé suggest that both the NMR and MALDI-TOF results
indicaté a high degree, of surface functiénalization is occurring, but that defects in

the' PAMAMs preclude higher sugar loading (see Chapter 2 for details).

Hemagglutination Inhibition Assay Introduction

One of the most straightforward assays for the determination of ligand

activity is a hemagglutination inhibition assay (HIA). One of the first descriptions

171

of the HIA procedure was presented by Osawa and Matsumoto in 1972.” 'Since

then, the HIA has been used extensively as a first test for various ligands with a
number of lectins.

Although HIA does not provide direct information rega‘rding binding

aﬁinity,22’ *" The use of the HIA to measure inhibition of protein-carbohydrate
“interactions is well documented and provides an essential entry-level comparison

of the glycodendrimers reported here with other glycopolymers.13’ 20, 54,85, 75 |

an article discussing activity vs. affinity and the use of the HIA, po‘ne and
coworkers note that “in many respects hemagglutination assays are a far more

relevant measure of activity than are assays designed exclusively to evaluate

protein-carbohydrate binding.”47
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€)) No Con A
added
Red blood Red blood cells
cell settle to bottom.
No agglutination
(b) Incubation
with Con A

Agglutination by Con A
prevents red blood
cells from settling to bottom

O = functionalized Dendrimers inhibit Con A.
dendrimer Agglutination is not observed

Figure 3.9 General description of a hemagglutination inhibition assay, (a) Red
blood cells in buffer with no Con A result in no hemagglutination, (b) Red blood
cells and Con A result in hemagglutination, (c) Red blood cells and Con A with a
mannose containing ligand result in inhibition of hemagglutination.

The general scheme of HIA is given in Figure 3.9. The HIA is typically
done in a microtiter plate with V-shaped wells. Figure 3.9a shows the result of
placing just red blood cells in buffer. After about an hour, the red blood cells
settle to the bottom and form a red “button” in the well. When Con A is present in
the solution (Figure 3.9b) the lectin binds with mannose-containing glycoproteins
expressed on the surface of the cells, thus creating a large crosslinking lattice.

This is hemagglutination, and the red blood cells do not settle out of solution.
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Figure 3.9¢ shows the inhibition of the Con A by a mannose-functionalized
dendrimer (or other mannose containing figand as well-as methyl mannose).
When Con A is }ncubated‘ with the ligand, if the ligand concentration is high
enough (depending on its ;ctivity towards Con A), it will bind with the Con A and
prevent the ‘interaction between Con A and the red blood cells. The result is that
hemagglutination is inhibited and the red blood cells settle to the bottom of the
well as in Figure 3.9a.

While a detailed procedure is included in the experimental section, a brief
description is given here. Erythrocyteé (rabbit) were added to preincubated
solution of Con A and vafyihg concehtrations of dendrimer. The lowest amounf of
dendrimer that caused inhibition of hemagglutination was determined. This was
the inhibiting dose and was compared to the inhibiting dose of methyl mannose.

While the HIA is easy to perform and interpret, the results must be taken
with some caution. As mentioned already, the results derived from this assay
cannot be interpreted as binding éffinities. A binding affinity is a specific value
that describes the strength of binding between a sugar and a lectin (see Figure
1.4a). In the HIA, a number of modes of binding are possible and all are
observed in terms of the whole rather than of the parts (Figure 1.4).

Another potential downfall of this assay is in the increased potential for |

human error or bias. First, the dilution in the wells is a two-fold serial dilution.

Therefore, the error possible in this case is +1 well, or in other words a factor of
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two. Related to this is the fact that two obéervers may interpret the endpoint
differently'. The success of the HIA relies on thé'usé of a strict protocol and the
use of consistent parameters. To ensure the.maximum accuracy and consistené:y
is achieved, each HIA is repeated at least three times (ofteh more), and the same
person performs the deter‘r'ﬁ-ination of the endpoint each time using the same -

criteria for each trial.

Hemagglutination Inhibition Assay Results Using
Mannose-Functionalized PAMAM Dendrimers

The results for mannose-functionalized dendrimers 36-41 are shown in
Table 3.2. Each value represents at least three assays. The large standard
deviations occur because, while the trends are always the same, different blood

sources (differént rabbits on different days) give different numbers. .

Table 3.2 Hemagglutination inhibition assay results for 36-41 with Con A

Compound | Number of Sugars Relative activity/sugar
Methyl mannoside 1 1
36 8 1
37 | 16 1.5+ 0.1
38 29 - 215
39 55 275 = 90
40 : 95 ' 510 + 295
a1 172 660 + 230

When compared to the control monomer methyl mannose, dendrimers 36 '
and 37 did not show any increase in activity towards Con A. Thus, we surmise

that 36 and 37 bind monovalently (Figure 1.4a). Either clustering (Figure 1.4c) or
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monovalent binding (Figure 1.4a) was expected, since the lower generation
dendrimers are too small to span multiple binding sites (i.e.; to bind
multivalently).

In addition, our findings indicate that 38 (G(3)-PAMAM core) binds roughly
one order of magnitude better than 36, 37lor methyl mannoside. This is
suggestive of a glycosidé dustering moﬁf (Figure 1.4c). As with 36 and 37, 38 is
too small for multivalent binding to occur.

Roy and Pagé reported similar results using an enzyme-linked lectin

assay (ELLA) on the generations one through three versions of 8-10 described

earlier.'®® They contained the phenyl ring between the mannose unit.and the

PAMAM dendrimer (see Scheme 2.3), but'were of similar size and vallency to 36-
38. While the absolute values of a‘ctivity differ (most likely due to the different
assay utilized), the results using ELLA on the dendrimers described by Roy and
Pagé are of the same order of magnitude relative to methyl mannose as 36-38.
Dendrimers 39-41 all show increases in activity (relative to methyl

mannose) of 2 orders of magnitude. This indicates that multivalent binding is
occurring (Figure 1.4d). Siné‘e 39-41 are all large enough to span multible binding
sites of Con A, this seems like a reasonable explanation for the desired increase
in activity with Con A (relative to methyl mannose). However, more subtle factors

may also be involved.
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As previously mentioned, for the various binding motifs described in
Figure 1.4, any observed enhancement in activity may be a result of a
- combination of modes. In the case of 39-41 it is clear that along with multivalent
- binding, glycoside clustering as depicted in Figure 1.4c could also be contributing
to the enhancement (the work described in Chapter 4 will attempt to delineate

between the two contributing factors).

~ Glycoside Clustering and the Effect of Sugar Density

Molecular mechanics calculations (Macromodel V. 6.5, MM2*) suggest
that reaction of 29 with the dendr'im‘er will add a maximum of éboqt 13 Atothe
radius of the molecule. Thus, using published radii for t‘he original PAMAM;S
(G(4)-PAMAM radius ~22.5 A, G(5)-PAMAM radius ~27 A, G(6)-PAMAM radius ~

ay 172,173

33.5A), we can calculate the expected approximate area that each

endgroup would occupy on the dendrimer surface. Assuming 39-41 are

89, 96

spherical, the area available to the endgroups on 41 is considerably smaller

than the area available io endgroups on 39. We postulate that, although all the'
larger dendrimers apparently bind multivalently, some may be béfter at glycoside
clustering than others

The use of the. published‘.dend'rirher diameter data and the calculated
length of 29 is appropriate for the quélitative comparison of glycoside clustering

and the effect of sugar density. However, spin-labeled studies have indicated that
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the actual sizes of functionalized PAMAM dendrimers are different. The section

starting on page 157 describes the spin-labeled studies in more detail.

The phenomenon that some multivalent ligands may be better at glycoside

clustering than others has also been observed by Kiessling and coworkers.®

‘When testing a variety of their glycdpolymers, they found a dramgtic increase in
activity towards Con A when the polymers became long enough to span multiple
binding sites. However théy observed an increase potency of the longest
polymérs even when additional multivalent interactions were not possible. This
was presumably due to the increased local concentration of mannose residues.

In effect, the increase in concentration (or density) of mannose residues
displayed by dendrimers 39-41, affects the rate of dissociation. Increasing the
number of sugars available to the Con A binding site slows dissociation and
favors reassociation mofe and more, which results in greater activity. |

It seems logical to attrit_)ute the large increase in activity to the ability of the
ligands to bind multivalently. The continued increase in binding is attributable to
glycoside clustering, which-is essentially a statistical effect. However, there is
also the possibility of cross-linking as shown in Figure 1.4(e) that could be a

contributor.
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- Cross-Linking and Aggregates

Cross-linking is an intermolecular mode of binding that leads fo large
-aggregates-and even precipitation of lectin and ligand if the aggregates become
‘large enough. A number of researchers in this field are of the opinion that the

increase in activity or affinity of multivalent ligands is predominantly a result of
the favorable formation of aggregates or precipita’te.22

The work of Brewer et. al. has shown that in some systems, cross-linking

is occurring and can even enhance the specificity of the glycopolymers for the(

174-178

lectin. There are also a number of biological systems that require

carbohydrate mediated aggregation in order to function,'”*181

One example involves the apoptosis of T-cell by galectin-1. Galectin-1 is a
member of the B-galactbside binding proteins and possesses growth regulatory
and immunorﬁodulatory activities. Dose-response analysis of the amount of |

galectin-1 required to induce T-cell apoptosis indicated that the dimeric form was
necessary to induce apop’tosis.180 Clearly, cross-linking is another realistic mode
for the observed increése in activity, especially for small ligands that cannot bind

* to multiple site. However, to what extent crosslinking occurs is difficult to

determine.
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In the carbohydrate-functionalized dendrimer systems described here, if
aggregation is responsible for the in‘creased activity observed in the
hemagglutination assay, it should be possible to observe a prec'ipi‘tate or colloidal
suspension. This is 'expectedl due to the size of the molecules involved and the
valency of the dendrimers (i.e. each dendrimer can conceivably attach to multiple
tetram‘ers of Con A). To be able to observe at what concentration ranges
precipitation occurred, the following turbidity study was done. |

It should be noted thét attempts to perform dynamic light scaftering
experiments to measure the size of molecules in solution in the same
conceqtration ranées as the ‘hemagglutination assay failed. The failure was most
likely due to the fact that particle size was below the"detection limits of the
instrument, suggesting that if cross-linking is occurring, it is not extensivé enough

to form large aggregates.

Turbidity Study

To address whether the formation of aggregates was occurring in the
hemagglutination assay, a turbidity studvy was performed. In brief, a solution of
Con A and dendrimer were mixed together in a UV cuvet. As a precipitate formed
(if it formed) the absorbance at 500 nm was measured over time. Neither the Con
A nor the dend'rimers apéorb at 500 nm, so any increased absorbance (which is

more acéurately described as decreased transmittance) would be a result of the
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p‘recipitate blockiné thév light. The data for the turbidity study of 36, 38, and 39 is -
shown in Figure 3.10 and Figure 3.11. The.concentration of Con A in Figure
3.10a and both graphs in Figure 3.11 was 0.2 mg/mL and in Figure 3.10b it was
0.4 mg/mL. After the Con A and dendrimer were mixed, a precipitate formed
quickly as evidenced by the sharp increase iﬁ absorbance at 500 nm,_Aﬁef about
8 hours, the précipitate had nearly reached a maximum. Thé amou'nt of
precipitate forrﬁed (as determined by the absorbance at‘ 500 nm) was related to
the amount of dendrimer present. |

"The formation of a precipitate between Con A at concentrations of 0.2
mg/mL and 0.4 mg/mL and tﬁe dendrimers at concentrétio‘ns ranging from 0.98' K
pg/mL to 2500 pg/mL indicates they can and do form large aggregates. However,
| when the same test was used for solutions in the same concentration range used
in the HIA (Con A 0.025-0.050 mg/mL), there was no increase in absorbance at -
500 nm (i.e. no precipitation) (seg Figure 3.125.

In éach of the turbidity tests, gft'er about 25 hours, a solution of 'rﬁethyl
mannose equal to the moles of mannose present based on dendrimer
concentration was added to'each sample. In each casé, the precipitate cleared
up completely indicating the aggregatés had complletely dissolved. The fact that' |
methyl mannosé Was able to displace the dendrimers shows that the interaction
between the Con A énd manno:ée-functipn;alized ;dendr\imer is bbth speciﬁc and |

IR

reversible.
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Figure 3.10 Graphs from turbidity assay for G(4) dendrimer 39 at (a) 0.2 mg/mL
Con A and (b) 0.4 mg/mL Con A
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Figure 3.11 Graphs from turbidity assay for (a) 36 (G(1)) and (b) 38 (G(3))
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250 /vg/mL of 39 with various Con A concentrations

-0.10

time fh)
0.4 mg Con A/mL 0.2 mg Con A/mL 0.055 mg Con A/mL

Figure 3.12 Graph from turbidity assay of 39 with varying concentrations of Con
A. Closed circles are at Con A concentration of the hemagglutination assay. No
precipitation is observed at this concentration of Con A.

What can be concluded from the turbidity tests is that under appropriate
conditions, aggregation of Con A and the mannose-functionalized dendrimers
can occur, however aggregation does not seem to be a major contributor in the
HIA in which the Con A concentration is nearly 10-fold lower. The fact that 36
(generation one dendrimer) does not show increased activity relative to methyl
mannose, yet can be forced to form aggregates at high concentrations of Con A
supports the claim that cross-linking and aggregate formation is not a significant
mode of interaction in the HIA. If cross-linking were significant, 36 would be
expected to have a higher activity, since it (like the other mannose-functionalized

dendrimers) is a prime candidate for cross-linking Con A molecules together.
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Summary

In this phase of the project, a number of significant goals were aChieved.
First and foremost, a water-sdluble mannose-functionalized dendrimer was
synthesized. By the use of.a polyethyllene glycol linker, it has become possible to |
attach a éugar to a dendrimer and maintain water-solubility. In the pursuit of
water-soluble dendrimers, it was discovered that the coupling of an "
isothiocyanato élcohol to a trichloroacetimidate could be accomplished using
BF,+Et,0O in high yield on a large scale.

~ Most importantly, it is apparent, based on hemagglutination inhibition

assays, that the size of the dendrimer makes a critical difference. The interaction
ofa mannose-functionalized PAMAM dendrimer with Con A is similar to that of a
mannose monomer ‘if the PAMAM dendrimer is generation one or two.
Generation three exhibits enhanced activity with Con A due to glycoside
clustering, which could be due to the shape of the dendrimer and thus, the
proximity of the mannose units. The larger generations (four, five and six)
demonstrate the ability of glycodendrimers to multivalently interact with the lectin.
Since they are large enough, they span multiple binding sites, and the results are
dramatic.

While we \.NOUId like to be able to use the results from our HIA and turbiaity
assay ‘as well as the results in the literature for other glycodendrimers to predict

. with. certainty how to design. therapeutic multivalent ligands, we obviously cannot.
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.~ The next step, as described in the following chapter, is to vary the number of .
sugars on the sufface of the dendrimer. This provides more information on the

details of multivalent interactions.

Experimental Procedures

General methods

General reagents were purchased from Aldrich, Sigma, and Acros.
Generations 1to 4 PAMAM déndrimers Werg purchased from Aldrich or
bendritech. Generations 5 and 6 PAMAM dendrimeré were purchased from
Dendritech. Methylene chloride was purified on basic alumina. B_Fs-Et;O was
freshly distilled from‘ CaH, before use (62° C at 33 mm HQ). trans-3-Indoleacrylic
acid was crystallized from absolute ethanol. Concanavalin A Was purchased frorﬁ
Calbiochem. All othersolve.nts,and reagents were used as supplied. All MALDI-

TOF MS reference standards were purchased from Sigma and used as supplied.

MALDI-TOF MS

Matrix assisted laser desorption ionization (MALDI) mass spectra were
acquired using a Bruker Biflex-Ill time-of-flight mass spectrometer. Spectra of all
functionalized dendrimers were obtained using a frans-3-indoleacrylic acid matrix A‘
with a matrix-analyte ratio of 3000:1.or 1000:1. Horse heart myoglopin (MW
16,952 g/mol), bdvine serum albumin (MW' §6,431 ‘g/mol), Bradykinin (MW 1061

g/mol),Cytochrome C (MW 12,361 g/mol), and Trypsinogen (MW 23,982 g/mol)
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were used as external standards. An aliquot corresponding to 12-15 pmol of the
analyte Was deposited on the laser target. Positive ion mass spectra were
acquired in linear mode, and the ions were génera’ted by using a nitrogen laser
(8337 nm) pulsed at 3 Hz with a pulse width of 3 nanoseconds. lons were
accglerated at 19-20,000 volts and amplified using a discrete dynode multiplier.
Spectra (100 to 200) were summed into a LeCroy LSA1000 high-speed signall
digitizer. All data processing was performed using Bruker XMass/XTOF V 5.0.2.
Molecular mass data and polydispersities of the broad peaks were calculated by
using the Polymer Module inck:Iud'e,’d in the software package. The peaks were

analyzed using the continuous mode. Delta values were set at minimum levels.

Dynamic Light Scattering

Dynamic light scattering‘ (DLS) experiments were pérformed using a
Brookhaven Instruments Corporation 90Plus dynamic light scattering instrument.
All data was collected and‘analyzed using the dynamic light scatte'ring software
from Brookhaven Instruments. The sample cuvet was rinsed with saline that had
been filtered using a 0.1 ym nonpyrogenic Pall syringe filter. The light source was
a 661 ﬁm diode laser at 15 mW of powér. A photomultiplier detector at 90
degrees from the sample v;/as used to observe scattered light. A correlation
function w,as‘deterrﬁined by a BI-QQOOAT autocorrelator. Tﬁe autocorrelator is an :
exponential decay or sum of decays from the scattered light. The correlation

function was fit using a non-negatively least squares fit to yield a particle size
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histogram. All samples were prepared in filtered (0.1 /vm Pall syringe filter) PBS.
At the concentrations of Con A and glycodendrimers used for the assay, no
signal was observed. This indicates that any aggregates that are forming are

below the detection limits of the DLS instrument.

Synthetic procedures

OAC

OAc
1,2,3,4,6-penta-O-acetyl-a-D-mannopyranoside. A solution of a-D-

mannose (26.6 g, 148 mmol) and pyridine (150 mL) was cooled to 0 °C. While
stirring, acetic anhydride (82.8 g, 811 mmol) was added, followed by a catalytic
amount of DMAP. The reaction was allowed to warm to room temperature. After
4 hours, the majority of the pyridine was removed in vacuo. Ether (75 mL) was
added to the concentrated solution, and the product was washed with 20% HOAc
(2 x 75 mL). The aqueous layers were combined and extracted with Et20 (75
mL). The organic layers were combined and washed with water (4 x 75 mL). The
ether was dried over MgSO4and evaporated in vacuo \o leave 45.5 g (80% ) of
the acetylated sugar as a foamy soap-like residue. The product was used without
further purification.

OAC

OH
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2,3,4,6-tetra-Oacetyl-a-D-mannopyranoside.162 A solution of 1,2,3,4,6-

penta-Oacetyl-a-D-mannopyranoside (19.0 g, 48.7 mmol), hydrazine acetate
(5.83 g, 63.3 mmol) and DMF (50 m1l) were stirred at 55 °C for 30 min. EtOAc
(50 ml) was added and the organic layer was washed with water (50 mL). The
agueous layer was extracted with EtOAc (50 mL). The organic layers were
combined and washed with water (3 x 50 mL), sat. aqueous NaHCO3 (3 x 50
mL), and brine (3 x 50 mL). The ether was dried over MgSO4and concentrated
under reduced pressure to leave 11.92 g (70%) of product as a highly viscous oil
This product was used without further purification. IH NMR (300 MHz, CDCI3) 6
5.37 (ap dd, 1H, J = 10.1,3.3 Hz, H-1), 5.18-5.28 (m, 3H), 4.18-4.23 (m, 2H),
4.09-4.12 (m, 1H), 3.80 (bs, 1H, OH), 2.12 (s, 3H, COCH3, 2.07 (s, 3H, COCH3,
2.01 (s, 3H, COCH3, 1.96 (s, 3H, COCH3 ppm.

OAc

O yxi3
NH

2,3,4,6-tetra-O-acetyl-a-D-mannosyl trichloroacetimidate (13).162 DBU

method: DBU (0.50 g, 0.5 mL, 3.3 mmol) was added drop wise to a solution of
2,3,4,6-tetra-Oacetyl-a-D-mannopyranoside (25.4 g, 72.9 mmol) and
trichloroacetonitrile (36 g, 25 mL, 250 mmol) in CHZCI2 (200 mL) at O OC. After 3
hours, the solvent was removed in vacuo and the residue was filtered through a

plug of silica (60:40 hexanes:ethyl acetate). The solution was concentrated to
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leave a yellow oil which was purified on silica gel (60:40 hexanes:ethyl acetate)
to yield 30 g (84%) of 13. Potassium carbonate method: Solid K2Z20O3(13g, ~7
equiv) and 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (4.84 g, 13.8 mmol)
were stirred in 65 m | of CHZCI12while trichloroacetonitrile (2.98 g, 2 m_, 20.7
mmol) was added via syringe. The reaction was stirred for 5 hours. The reaction
mixture was filtered over celite. The solvents were removed in vacuo and the
crude product was purified as before to yield 5.08 g (75%) of 13. 1H NMR (300
MHz1CDCI3 6 8.75 (s, 1H, NH), 6.14 (d, IH 1J = 1.7 Hz1H-1), 5.32 (m, 1H), 5.22-
5.30 (m, 2H), 3.96-4.17 (m, 3H), 2.06 (s, 3H), 1.95 (s, 3H), 1.93 (s, 3H), 1.87 (s,
3H) ppm; 13T NMR (125 MHz1CDCI3 6 170.5, 169.7, 169.6, 169.5, 169.4, 159.7,

90.5, 71.2, 68.7, 67.8, 65.3, 62.0, 20.8, 20.7, 20.6, 20.6 ppm.

HO "*x0/",NCS

2-(2-Isothiocyanatoethoxy)ethanol (28). A solution of 2-(2-
aminoethoxy)ethanol (7.35 g, 7.0 mL, 70 mmol) and triethylamine (14.2 g, 20 mL,
140 mmol) in CHCI3 (100 ml) was added via syringe over the course of an hour
(syringe pump) to a stirred solution of thiophosgene (8.04 g, 5.4 mL, 70 mmol) in
CHCI3(400 mL). Upon completion of the addition of the amino alcohol, the
solvent was removed in vacuo. The residue was dissolved in water (100 mL) and
extracted with CHZCI2(2 x 100 mL). The organic layers were combined and

washed with water (2 x 50 mL), dried over MgSO4, and removed in vacuo.
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Column chromatography on silica gel (1:1 ethyl acetate/hexanes) yielded 7.18 g
of a yellowish oil. This product was further purified by Kugelrohr distillation (100
°C, 0.1 mm Hg) to give 6.97 g (68%) of a clear oil. 1H NMR (300 MHz, CDCI3 8
3.72 (t, 2H, J = 4.9 Hz, HOCH2), 3.62-3.68 (m, 4H, CHZ2OCH2, 3.58 (t, 2H, J = 4.2
Hz, SCNCH3), 2.34 (s, 1H, OH); 13 NMR (75 MHz, CDCI3 a signal for NCS was
not observed) 8 72.8, 69.6, 62.1,45.8 ppm; HRMS (Cl) m/z 148.0428 (M + H,
calcd 148.0432 for CHINOZS), found; IR (film) 1337, 1437, 2108, 2872, 2932,

3412 cm'1.

OAc

1-0(5-isothiocyanato-3-oxapentyl)-2,3,4,6-tetra-0-acetyl-a-D-
mannopyranoside (29). The trichloroacetimidate 13 (8.0 g, 16.3 mmol) was
dissolved in CHZCI2 (200 mL) with 28 (2.39 g, 16.3 mmol) and 4 A molecular
sieves (0.8 g). Under an N2atmosphere, BF3Et2 (2.31 g, 2.0 mL, 16.3 mmol)
was added slowly and the reaction was stirred at room temperature for 7 h. Solid
NaHCO3 (1 g) was added to the reaction. The mixture was filtered over Celite,
concentrated in vacuo, and purified by silica gel chromatography (1:1
hexanes:ethyl acetate) to give a yellow oil. This oil was crystallized from 3:1
(ethyl ethenpetroleum ether) to yield 29 (5.7 g, 73%). M.p. = 51 —52° C; H NMR

(300 MHz, CDCI3 85.13-5.35 (m, 3H), 4.82 (s, 1H), 4.15-4.30 (m, 1H), 3.94-4.10
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(m,.3H), 3.70-3.83 (m, 1H), 3.63 (bs, 6H), 2.09 (s, 3H), 2.64 (s, 3H), 1.98 (s, 3H),
1.92 (s, 3H) ppm; *C NMR (125 MHz, CDCIs) 8 170.4, 169.8, 169.7, 169.6,
132.8,97.6 (U;H =172 Hz, C-1), 70.1, 69.4, 69.3, 69.0, 68.4, 67.2, 66.0, 62.4,
45.3, 20.7, 20.6, 20.6, 20.5 pp‘m; H-C coupled "*C NMR (125 MHz): HRMS (Cl)
m/z 495.1632 (M + NH,, calcd 495.1648 for C,gH,;N,0,,S); IR (film) 1366, 1748,
2108, 3048 cm™. |

Generation 1.0 PAMAM-based thiourea-linked 1-O-(5-thiourea-3-
oxapentyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside dendrimer (30): A
methanolic solution of amine-terminated Starburst PAMAM dendrimer
(generation 1.0) (0.554 g of a 22% (w/w) solution, 85.2 umol of dendrimer based
on the My, of 1430 g/mol as determined by MALDI;TOF) was evaporated under
reduced pressure.” The resulting residue Was dissolved in DMSC (3 mL) followed
by the addition of 29 (487 mg, 1.02 mmol). After.8 hours, the reaction mixture
was dialysed against DMSO (MW cutoff 1 kDa). The solution ;/vas lyophilized to
give 30 as an oily solid. This product was used without further purification. 'H
NMR (500 MHz, CD,SOCD,) 8 7.98 (bs, 2H,l amide NH's), 7.79 (bs, 1H, amide .”
NH's), 7.52 (bs, 4H, CHZNHC(S)NHCHZ), 5.07 (m, 6H), 4.88 (d 2H),l4.12 (dd,
2H), 3.90-4.05 (m, 4H), 3.79 (t, 2H), 3.71 (m, 2H), 3.25-3.63 (m, 18H), 3.13 (bs,
3H), 3.05 (bs, 2H), 2.64 (bs, 4H), 2.47 (s, 2H), 2.38 (bs, 2H), 2.20 (t, 4H), 2.07 (s,

6H), 1.98 (s, 12H), 1.90 (s, 6H) ppm; MALDI-TOF-MS (pos) 5280.
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Generation 1.0 PAMAM-based thiourea 1-O-(5-thiourea-3-oxapentyl)-o.-D-
mannopyranoside dendrimer (36): A.suspension of 30 in MeOH:H,O (1:1, 20 mL)
and 1 M methanolic NaOMe (140 pL) was stirred overnight until all of the solid
. had dissqlved. The solution was neutralized with Amberlite IR-120 (acidic) and
filtered. The methanol was e\;aporated under reduced pressure, and the resulting
aqueéus dendrimer solution was purified by dialysis against H,O (MW cutoff 1
kDa). The solUtidn was 'Iyophilize.d to give 150 mg (33% for two steps. Percentl‘
yield based on the M, of 3877 g/mol as determined by MALDI-TOF) of 36 as a
fluffy, wHite solid. "H NMR (506 MHz, CDssoCDs) 6 8.01 (bs, 2H, amide NH's),
7.85 (bs, 1H, amide NH's), 7.52 (bs, 4H, CH,NHC(S)NHCH,), 4.73 (bs, 4H), 4.63
(bs 2H), 4.60 (bs, 2H), 4.47 (bs, 2H), 3.20-3.80 (m, 40H), 3.00-3.18 (m, 8H),
2.00-2.80 (m, iBH) ppm; 3C NMR (125 MHz, CD,SOCD,) § 182.6, 171.7, 170.8,
100.4, 74.4, 71.4, -70;-7, 69.8, 67.4, 67.0, 66.1, 61.7, 52.1, 49.5, 43.5, 43.2, 38.2,
36.9, 33.0, 20.7 ‘ppm; MAL'DI-TQF-MS (pos) 3877.

Generation 2.0 PAMAM-based thiourea-linked 1-O—(5-thiourea-3-

. oxapentyl)-2,§,4,6-tetra-O—acetyl-oc-D-mannopyranoéide aendrimer (31): A
methanolic solu_tion of amine-terminated Starburst PAMAM dendrimer
(genefqtion 2.0) (0.506 g of a 20% (w/w) solution, 31.0 pmol of dendrimer based -
on the M, of 3260 g/mol as defermined by MALDI-TOF) was evaporated under
reduced pressure. The resulting residue was dissolved in DMSO (3 mL) followed

by the additiqn of 29 (296 mg, 0.621 mmol). After 8 hours, the reaction mixture
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was dialysed against DMSO (MW cutoff 1 kDa). The solution was lyophilized to
give 31 as an aily soliﬂd. This p!roduct was used without further purification. '"H
NMR (500 MHz CD,SOCD;) 8 7.97 (bs, 4H, amide-NH's), 7.76 (bs, 3H, amide
NH's), 7.51 (bs, 8H, CH2NHC(S)NHCH2), 5.06 (m, 12H), 4.88 (d 4H), 4‘.12-(m,
4H), 3.90-4.05 (m, 8H), 3.79 (t, 4H), 3.71 (m, 4H), 3.25-3.63 (m, 36H), 3.00-3.13
(bs, 12H), 2.64 (bs, 12H), 2.38 (bs, 8H), 2.16 (bs, 12H), 2.07 (s, 12H), 1.98 (s,
24H), 1.90 (s, 12H) ppm; MALDI-TOF-MS (pos) 10,950.

Generation 2.0 PAMAM-based thiourea.1-O—(S-thiourea-3-oxapentyl)-oz-Da
mannopyranoside dendrimer (37): A suspension 6f 31 in MeOH:H,O (1:1, 20 mL)
and 1 M methanolic NaOMe (100 ulL) wés stirred overnight until all of the solid
had dissolved. The solution was neutralizéd, with. Amberlite IR-120 (acidic) and
filtered. The methanol was evaporated under\reduc’ed pressure, and the resulting
aqueous dendrimer solution was purified by dialysis against H,O (MW cutoff 1
kDay). The solution was lyophilized to give 174 mg (69% for two stebs. Percent
yield based on the M,, of 8250 as determined by MALDI-TOF) of 37 as a fluffy,
white solid."H NMR (500 MHz? CD,SOCD,) 6 7.98 (bs, 2H, amide NH's), 7.78
(bs, 1H, amide NH's), 7.48 (bs, 4H, CHZNHC(S)NHCHZ), 4.70 (bs, 4H), 4.50-4.62
(m 4H), 4.4 (bs, 2H), 3.20-3.80 (m, 36H), 3.00-3.18 (m, 8H), 2.00-2.80 (m, 16H)
ppm; "*C NMR (125 MHz, CD,SOCD;) § 172.3, 100.4, 74.4, 71.4, 70.7, 69.8,
69.3, 67.4, 66.1, 61.7, 52.7, 50.0, 44.0, 33.6, 21.0 ppm; MALDI-TOF-MS (pos)

8250.
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Generation 3.0 PAMAM-ba‘éed thiourea-linked 1-0—(5-thiour'éa-3-
_oxapentyl)-2,3,4,6-tet’ra-O-acetyI-a-D-mannopyranoside dendrimer (32): A
methanolic solutivon of amine-terminated Starburst PAMAM jdendrimer‘
(generation 3.0) (0.771 g of a 15% (w/w) solution, 16.7 umol of dendrimér based -
on the My, of 6910 g/mol as determined by MALDI-TOF) was evaporated under
reduqed pressure. Tﬁe resulting residue was disso‘lved in DMSO (5 mL) folldw‘ed
by the addition of 29 (319 mg, 0.669 mmol). After 8 hours, the reaction mixture
was dialysed against DMSO (MW cutoff 1 kDa). The solution was lyophilized to -
give 32 as an oily solid. This product was used without further purification. 'H
NMR (500 MHz, CD,SOCD;) 8 7.98 (bs, 1H, amide NH's), 7.75 (bs, 1H, amide
NH's), 7.50 (bs, 2H, CH,NHC(S)NHCH,), 5.07 (m, 6H), 4.88 (d 2H), 4.12 (m, 2H),
3.90-4.05 (m, 4H), 3.79 (t, 2H), 3.71 (m, 2H), 3.25-3.63 (m, 20H), 2.95-3.18 (m,
6H), 2.6.41r (bs, 4H), 2.38 (bs, 4H), 2.16 (bs, 6H), 2.07 (s, 6H), 1.98 (s, 12H), 1.90
(s, 6H) ppm; MALDI-TOF-MS (pos) 21,000. '
Generation 3.0 PAMAM-based thiourea 1-O-(5-thiourea-3-oxapentyl)-a-D-
mannopyranoside dendrimer (38): A suspension of 32 in MeOH:H,O (1:1, 20 mL)
and 1 M methanolic NaOMe (106 pL) was stirred overnight until all of the solid
had dissolved. The éolution was neutralized with Amberlite IR-120 (acidic) and
filtered. The methanol wasJ evaporated under reduced pressure, and the resulting
aqueous dendrimer solution wés purified by dialysis against H,O (MW cutoff 1

kDa). The solution was lyophilized to give 165 mg (62% for two steps. Percent
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yield based on the M,, of 15,900 as determined by MALDI-TOF) of38 as a f]uffy, '
White solid."H NMR (l500 MHz, CD,;SOCD,) 8 7.97 (bs, 1H, amide NH's), 7.77
(bs, 1H, amide NH's), 7.47 (bs, 2H, CH,NHC(S)NHCH,), 4.71 (bs, 2H), 4.52-4.62
(m 2H), 4.45 (bs, 1H), 3.20-3.80 (m, 17H), 2.95-3.18 (m, 4H), 2.00-2.80 (m, 8H)
ppm; *C NMR (125 MHz, CD,SOCD,) 6 172.3, 171.9, 100.4, 74.4, 71.4, 70.7,
69.8, 69.3, 67.4, 66.1, 61.7, 52.6, 50.0, 43.8, 38.6, 37.3, 33.6, 20.8 ppm; MALDI-
TOF-MS (pos) 15,900.

Generation 4.0 PAMAM-based thiourea-linked 1-O-(5-thiourea-3-
oxapentyl)-2,3,4,6-tetra-O—acetyl-oc-D-mannopyrénoside dendrimer (33): A
methanolic solution of amine-terminated Sfarburst PAMAM dendrimer
(generation 4.0) (1.146 g of a 10% (w/w) solution, 8.48 umol of ‘d‘endrimer based
on the Mw.of 13500 g/mol as determined by MALDI-TOF) was evaporated under
reduced pressure. The resulting residue was dissolved in DMSO (5 mL) followed
by the additiqn of 29 (283 mg, 0.594 mmol). After 8 hours, the reaction mixture
was dialysed against DMSO (MW cufoff 1 kDa). The solution was vaobhilized to
give 33 as an oily solid. This product was used without further purification. 'H
NMR (500 MHz, CD,SOCD,) 6 7.96 (bs, 1H, amide NH's), 7.74 (bs, 1H, amide
NH's), 7.48 (bs, 2H, CH,NHC(S)NHCH,), 5.06 (bs, 3H), 4.88 (s 1H), 4.12 (m,
1H), 3.90-4.05 (m, 2H), 3.70 (m, 1H), 3.25-3.63 (m, 9H), 2.95-3.20 (m, 4H), 2.62
(bs, 4H), 2.38 (bs, 2H), 2.16 (bs, 4H), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s, 3H) |

ppm; MALDI-TOF-MS (pos) 39,300.
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Generation 4.0 PAMAM-based thiourea 1-O-(5-thiourea-3-oxapentyl)-a-D-

mannopyrariosid“e dendrimer (39): A suspension of 33 in MeOH:H,O (1:1, 20 mL)
and 1 M methanolic NaOMe (1~ 08 uL) was stirred overnight until all of the solid
. had dissolved. "I'he sélutibn was neutralized with Amberlite IR-120 (acidic) and
filtered. The methanol was evaporated under reduced pressure, and the resulting
agueous deﬁdrimer solution was purified by dialysis against H,O (MW cutoff 1
kDa). The sc;lution was lyophilized to give 216 mg (8é% for two stepé. Percent
yield based on the M,, 6f 30,600 as determined by MALDI-TOF) of 39 as a fluify,
white solid.'H NMR (500 MHz, CD,SOCD,) 8 7.98 (bs, 1H, amide NH's), 7.79
(Bs, 1H, amide NH's), 7.48 (bs, 2H, CH,NHC(S)NHCH,), 4.72 (bs, 2H), 4.60 (bs
.2H), 4.46 (bs, 1H), 3.20-3.80 (m, 19H), 2.95-3.18 (m, 4H), 2.00-2.80 (m, 8H)
ppm; °C NMR (125 MHz, CD,SOCD,) 6 17é.2, 171.8, 100.4, '74.3, 71.4,70.7,
69.8, 69.3, 67.4, 66.1, 61.7, 52..6, 50.0, 43.9, 38.7, 37.2, 33.4, 21.0 ppm; MALDI-
TOF-MS (pos) 50,600.

Generation 5.0 PAMAM-based thiourea-linked 1-O-(5-thiourea-3-
oxapentyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside dendrimer (34): A ‘
methanolic solution of arhihé-te‘rminated Starburst PAMAMdendrim'er
kgeneration 5.0).(0.495 g of a 21% (w/w) solution, 4.07 pmol of dendrimer bésed

on the My, of 25,500 g/mol as determined by MALDI-TOF) was evaporated under
reduced pressuré. ;Fhe resultiné residue was dissolved in DMSO (5 mL) followed

by the addition of 29 (232 mg, ‘0;487 mmol). Aﬁer 8 hours, the reaction mixture
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was dielysed against DMSO V(MW cutoff 1 kDa). The solution was Iyephilfzed to
give 34 as an oily solid. This product was used without further purification..'H
NMR (500 MHz, CD,SOCD;) & 7.97 (bs, 1H, amide NH's), 7.75 (bs, 1H, amide
NH's), 7.50 (bs, 2H, CHZNHC_(S)NHCHZ), 5.06 (m, 3H), 4.88 (m 1H), 4.12 (m,
1H), 3.90-4.05 (m, 2H), 3.70 (m, 1H), 3.25-3.63 (m, 9H), 2.95-3.20 (m, 4H), 2.62
(bs, 3H), 2.38 (bs, 2H), 2.16 (bs, 3H), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s, 3H)
ppm; MALDI-TOF-MS (pos) 69,600. -

Generation 5.0 PAMAM-based thiourea 1-O-(5-thiourea-3-oxapentyl)-o-D-
mennopyranoside dendrimer (40): A suspension of 34 in MeOH:H,0O (1:1, 20 mL)
and 1 M methanolic NaOMe (92 uL) was stirred overnight until all of the solid had
dissolved. The solution was neutralized with Amberlite IR-120 (acidic) and
filtered. The methanol was evaporated under reduced pressure, and the resuliing
.aqueous dendrimer solution was purifi‘ed by dialysis against H,O (MW cutoff 1
kDa). The solution was lyophilized to give 159 mg (72% for two steps. Percent
yield based on the M, of 55,000 as determined by MALDI-TOF) of 40 as a fluffy,
off-white solid."H NMR (500 MHz, CD3SOCD3) 8 7.98 (bs, 1H, amide NH's), 7.78
(bs, 1H, amide NH' s) 7.48 (bs, 2H, CH,NHC(S)NHCH,), 4.73 (bs, 2H), 4.60 (bs
2H), 4.70 (bs, 1H), 3.20-3.80 (m, 21H), 2.95-3.18 (m, 4H), 2.64 (bs, 4H), 2.18
(bs, 4H) ppm; ™C NMR (125 MHz, CD,SOCD,)  172.4, 171.9, 100.4, 74.3, 71.3, |
70.7, 69.8, 69.3, 67.4, 66.2, 61.7, 52.6, 49.9, 43.9, 38.7, 37.3, 33.5, 20.7 |'opm‘;

MALDI-TOF-MS (pos) 55,000.
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Generation 6.0 PAMAM-based thiourea-linked 1-O-(5-thiourea-3-
oxapentyl)-2;*3,‘4,6-tetra-O—acetyl-a-D-mannopyranoside dendrimer (35): A
methanolic solution of amine-terminated Starburst PAMAM dendrimer
(generation 6.0) (0.88 g of a 11% (w/w) soluﬁon, 1.9 umol of dendrimer based on
the M,, of 51,000 g/mol as determineq by MALDI-TOF) was evaporated under
réﬂuced pressure. The resulting residue was dissolved in DMSO (5 mL.) followed

| by the addition of 29 (212 mg, 0.45 mmoi‘); After 8 hours, the reaction mixture.
was dialysed against DMSO (MW cUtoff‘ 1 kDa). fhe solution was lyophilized to
give 35 as an oily solid.‘This product was used without further purification. 'H
NMR (500 MHz, CDSSOCDS) 8 7.97 (bs, 1H, amide NH's), 7.75 (bs, 1H, amide
NH's), 7.50 (bs, 2H, CH,NHC(S)NHCH,), 5.07 (m, 3'H),. 4.88 (m 1H), 4.12 (m,
1H), 3.90-4.05 (m, 2H), 3.71 (m, 1H), 3.25-3.63 (m, 9H) 2.95-3.20 (m, 3H), 2.62 |
(bs, 2H), 2.3v8 (bs, 2H), 2.16 (bs, 2H), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s, 3H)
 ppm; MALD.I‘-T,OF-MS (pos) 133500.

Generation 6.0 PAMAM-based thiourea 1-0O-(5-thiourea-3-oxapentyl)-a-D-
mannopyranoside dendrimer (41): A suspension of 35 in MeOH:H,O (1:1, 20 mL)
aﬁd 1 M methanolic NaOMe (180 ulL) was stirred o;/ernight until all of the so‘lid‘
had dissolved. The solution was neutralized with Amberlite IR-120 (acidic) and
filtered. The methanol was evéporated under reduced pressure, and the resulting
aqueous dendrimer solution was purified by dialysis égainst H,O (MW cutoff 1

kDa). The solution was lyophilized to give 138 mg (70% for two steps. Percent
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'yield based on the M,, of 103,800 as determinee by MALDI-TOF) of 41 as a
fluffy, off-white solid."H NMR (500 MHz, CD,SOCD,) § 7.99 (bs, 1H, ahide NH'e),
7.77 (bs, 1H, amide NH's), 7.50 (bs, 2H, CHZNHC(S_)NHCHZ)‘, 4.74 (bs, 2H), 4.61
(bs 2H), 4.48 (bs, 1H), 3.20-3.80 (m, 19H), 2.95-3.20 (m, 4H), 2.62 (bs, 4H), 2.17
(bs, 4H) ppm; *C NMR (125 MHz, CD,SOCD,) 6 182.8, 172.1, 171.4, 100.0,
73.9, 70.9, 70.3, 70.2, 69.4, 68.9, 67.0, 65.7, 61.3, 52.2, 49.5, 43.4, 38.2, 36.8,

33.1, 21.1 ppm; MALDI-TOF-MS (pos) 103,800.

General hemagglutination assay procedure

Concanavalin A preparation:' Ina10 reL centrifuge tu.be, approximately 5 |
mg of concanavalin A (Con A) was dissolved without agitation in10 mL of
HEPES buffer with 100 ﬁM CaCl, (pH = 8.53). The tube was stored at 4 °C for 8
hours fo allow the Con A to dissolve. A]"terwards, the solution was placed in a
dialysis tube and dialyzed against 1 L of tris-buffered saline (TBS) for 4 hours.
This was repeated with fresh TBS solution, followed by dialysis against 1 L of
phosphate-buffered saline (PBS) for 8 hours. The dialysis was done to remove
any excess Ca* from the lectin solution. The Con A solution was removed from
the tube and stored at 4 °C until needed (the Con A solution can be stored at
temperatures below 0 °C for longer periods of time).

Blood Preperation: F‘reéh whole rapbit blood was obtained from the MSU
animal care center. It was drawn into a tube containing EDTA. Alsever's solutien

was added to the blood to make a 60% v/v solution of blood in Alsever’s solution.
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The blood solution was separatéd into 2 mL aliquots in 15 mL centrifuge tubes.
Care was taken to ;avoid hemolysis of the red blood cells. The red blood cells
were diluted to 12 mL with Alsever's solution. -The cells were pelleted by
centrifugation (1100 rpm x 10 min.). The layer of white blood cells'land plasma
proteins was removed by pipet. This process was fepeated‘ 2 more times using
PBS instead of Alsever's '_solution. Finally, the volume of the red blood cells was
estimated (usually about 0.3 fnL) and a 2% viv suspension was made using the
assay buffer (0.5% w/v BSA in PBS).

Con A titration: D‘ecreasing amounts of Con A were incubated with red
blood cellls to determine the lectin concentration required to agglutinate the cells.
Serial fwo-fold dilutions were made in the wells of a 96-well V-bottomed micrqtiter
plate. The two-fold dilutions were made by adding 50 pL of Con A solution in the
first well. In all of the other wells (typically, a fotal of 24 wells is used), 50 uL of
assay buffer Was added. In the sécond well, 50 pL of the Con A solution was
mixed wilth the a‘ssay buffer. After mixing, 50 yL of this solution was added to the
third well. After mixing’, 50 pl of the solqtion in the third well was added to the'
fourth well efc. . ._Thié was répéated until the Con A wés diluted thrbugh all of the
wells of interest. In the end, there shoulq be 50 pL of solution in each well. To
each of the wells, 50 pL of the red blood cell suspension was ad‘d'ed (the
suspension was frequently agitated gently to ensure consistent mixing of the red

blood cells). Once the blood has been added, the wells were incubated for 1.5
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‘hours at 22 °C' (id-eallyﬂ1 h.@ 25 905. Atfter this time, the wells were examined.
The minimum concentration required to fully agglutinate the 2% cell suspension
- was déférm‘ined.‘ This was cpnsidered 1 Unit.

The wells in which hémagglutination ocqurred were differentiatéd from
those in which hemagglutination did not occur. When hemagglutination did NOT
occ'ur‘,lt‘hel red .blood' cells settléd to the bottom to form a red "but"ton.‘" This was
best demonstrated with a control tﬁa_t does ﬁot qontain Con A. When
hemagglutination occurred, the solution in the well stayed as a cloudy
suspension. Often, there was a.n intermediate well that was borderline.

For the assay with inhibitor, 8 times the minimum concentrétion (8 Units)
.was used’. To determine this concentration;, the correébonding well was foﬁnd,
and based ‘on t_he‘serial two-fold dilutioﬁ, the nécessary dilution of the stock Con
A was calculated. About 15 mL of the 8 Unit concentrat:ion Con A was made.

The cohcenffation of this.Con A solutior; was déterminéd
spectrophotometrically at 280 nm using A" = 13,7 @ pH = 7.2 and
expressed in te'rmbs of the moanner (26,500). Example: for A = 0.616, then 0.616
- x 10 mg/mL + 13.7 = 0.45 mg/mL. Since, the FW = 26,500, then 0.45 mg/mL +
26,500 mg/mmol = 0.000017 M or 17 uM.

Inhibitinéld.ose' determination: Starting with a concentration of about 10
mg/mL, serial two-fold dilutions of various inhibitors were made in the same

fashion as the two-fold dilutions of the Con A described above. The inhibitor
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solutions (50 pL) were incubated with the 8 Unit Con A solution (50 pL for 3
hours at 22 °C (ideally 2 h @ 25°C). After which, 50 uL of the red blood ceil
suspension was added. The wells were mixed and incubated for 1 h at 22 °C.
The minimum concentration causing inhibition of the Con A was determined from
the inspection of the wells. This is the inhibiting dose. |

Buffers:

Alsever’s solution, pH 6.0 (quantities for 1L), contained NaCl (4.2 g),
sodium citrate (8.0 g, 2.72 mmol),‘ and glucose (‘20.5 Q).

Phosphate buffered saline (PBS), pH 7.2 (quantities for 4L), consisted of
0.15M NaCJ (35 g), 0.007 M NaH,PO, (3.86 g of dihydrate), 0.018 M Na,HPO,
(10.22 g of anhydrous or 19.3 g of heptahydrate). |

| HEPES bgﬁ‘er;, pH 8.5 (quantities for 1L), consisted of 100 yM CaCl, (14.7
mg) and 10 mM HEPES (2.38 g HEPES, N-[2-hydroxyethyl]piperazine-N-[2-
ethanesulfonic acid]). The pH was adjusted to 8.5 using NaOH.

Tris bufferéd salfne (TBS),' pH 7.4 (quantities for 4L), consisted of 0.15 M
NaCl (35 g), 0:042 M Trizma HCI (26.44 g), 0.008 M Trizma base (3.88 ). The

pH was adjusted to 7.4 using HCI if necessary.

Turbidity Assays

Concanavalin A was prepared as for the hemagglutination assays.

144, 182

Following the method of Okada, turbidity was estimated by UV/vis

spectrophotometry. Solutions of 36, 38, 39 and methyl mannose were added to
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the Con A solutions. Absorbance values at 500 nm were read after 0.5, 1, and 2
h and at regular intervals afterwards for 24 h. For Con A concentrations of 18
Mg/mL (concentration at which hemagglutination assays were performed),
absorbances were read for the serial dilutions of 36, 38, 39 and methyl mannose
that were used in the hemagglutination assays. Absorbances were always -0.01,
indicating that precipitation of the Con A-dendrimer complex is not occurring
under the conditions at which the hemagglutination assays are performed. For
Con A concentrations of 0.2 mg/ml, absorbances were -0.03 for methyl
mannose and -0.4-0.5 for 36, 38 and 39 (0.25 mg/mL). Precipitate remained
clearly visible for 24 h. Upon addition of methyl mannose after 24 h the

precipitate dissolved and the absorbance reduced back to -0.03.

Additional synthetic procedures (unoptimized)

The following experimental procedures are typically unoptimized and the
products are typically not fully characterized. This is because, while the
molecules described below are important to this project, their development was

abandoned when the development of 12 was abandoned.

2-[2-(2-Azidoethoxy)ethoxy]ethanol (18).159 A mixture of 2-[2-(2-

chloroethoxy)ethoxy]ethanol (10.2 g, 60 mmol) and sodium azide (7.86 g, 120

mmol) was heated to 85 OC in DMF (60 m1) overnight. The DMF was removed in
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vacuo. The oily residue was extracted with CHZCI2(100 ml_) and filtered. The
CHZCI2Was removed in vacuo \o leave 10.2 g (96%) of 18 as a yellow oil. The
product was used with no further purification. I1H NMR (300 MHz, CDCI3 6 3.64-
3.74 (m, 8H), 3.59 (t, 2H, J = 4.1 Hz), 3.37 (t, 2H, J=4.9 Hz), 2.29 (¢, 1H, J=6.2

Hz) ppm.

NH2
2-[2-(2-Aminoethoxy)ethoxy]ethanol (20).159 At r.t., 18 (10.2 g, 58 mmol),
PPh3(17.5 g, 66 mmol) and water (1.6 g, 1.6 mL, 90 mmol) in THF (100 m1)
were stirred for 4 h. The solvent was removed in vacuo. A majority of the PPh3
was removed by using a plug of silica gel (CHCI3ZMeOH:Et3N 3:3:1). The product

was purified by Kugelrohr distillation (b.p. 100 °C at 0.1 torr) to give 8.4 g (96%)

of 20 as a clear 0il.183 IH NMR (500 MHz, CDCI3 6 3.62 (t, 2H, J = 4.5 Hz,

HOCH2), 3.54- 3.59 (m, 4H, CHOOCHZCH20CH2, 3.51 (t, 2H, J = 4.5,
HOCH2CH2D), 3.45 (t, 2H, J = 5.1 Hz, OCHZCH2NH2, 2.78 (t, 2H, J = 5.1 Hz,

CHZNH2), 2.23 (s, 3H, NH2 OH) ppm; 1 NMR (125 MHz, CDCI3 6 72.9, 72.7,

70.3, 70.2, 61.3, 41.4 ppm.
HON/ 20/ X /°x/>nNCS
2-[2-(2-Isothiocyanatoethoxy)ethoxy]ethanol (15). A solution of 20 (3.58 g,
24 mmol) and triethylamine (5.33 g, 7.4 mL, 53 mmol) in CH3CI (50 mL) was

added via syringe over the course of an hour to a stirred solution of thiophosgene
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(3.04 g, 2.0 m_, 27 mmol) in CH3I (150 ml_). The solvent was removed in
vacuo. The residue was dissolved in water (50 ml) and extracted with CHZCI2 (2
x 50 mL). The organic layers were combined and washed with water (2 x 50 mL),
dried over MgS0O4, and removed in vacuo. Column chromatography on silica gel
(11 ethyl acetate:hexanes) yielded 2.66 g (58%) of 15 as a yellowish oil. H NMR
(300 MHz, CDCI3 53.74 (t, 2H, J = 4.5 Hz, HOCH2, 3.64-3.70 (m, 8H), 3.60 (t,
2H, J = 4.5 Hz, CHANCS), 2.07 (s, 1H, OH) ppm; 13 NMR (125 MHz, CDCI3 5
132.2, 72.6, 70.5, 70.3, 69.2, 61.5, 45.2 ppm.

OAc

NCS

1-0-(8-isothiocyanato-3,6-dioxaoctyl)-2,3,4,6-tetra -O-acetyl-cx-D-
mannopyranoside (24). The trichloroacetimidate 13 (5.75 g, 11.7 mmol) was
dissolved in CH2CI2(150 m|) with 15 (2.24 g, 11.7 mmol) and 4 A molecular
sieves (0.3 g). Under an N2atmosphere, BF3-Et2 (1.66 g, 1.5 mL, 11.7 mmol)
was added slowly. The reaction was stirred at room temperature for 7 h. After
which, the mixture was filtered over Celite, concentrated in vacuo, and purified by
silica gel chromatography (1:1 hexanes:ethyl acetate) to yield 24 (3.72 g, 60%)
as a yellow oil. H NMR (500 MHz, CDCI3 5 5.25 (ap. dd, 1H, J = 10.0, 3.4, H-1),
5.19 (m, 2H), 4.79 (s, 1H), 4.19 (ap. dd, 1H, J = 12.1,4.9),4.00 (m, 2H), 3.74 (m,

1H), 3.61 (m, 11H), 2.07 (s, 3H), 2.01 (s, 3H), 1.96 (s, 3H), 1.90 (s, 3H) ppm; 1
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NMR (125 MHz, CDCI3 8 107.6, 169.9, 169.8, 169.6, 132.4, 97.6, 70.8, 70.7,
70.0, 69.5, 69.3, 69.0, 68.4, 67.3, 66.1,62.4, 45.3, 20.8, 20.7, 20.6, 20.6 ppm.
ho® N o/ X /0 "/ ™ nhfmoc

{2-[2-(2-Hydroxy-ethoxy)-ethoxy]ethyl}-carbamic acid 9H-fluoren-9-
ylmethyl ester (21). A solution of 20 (1.0 g, 6.7 mmol) in 30 m| of a 1:1 dioxane:
10% K2CO3solution was stirred while a solution of FMOC-CI (1.72 g, 6.7 mmol)
in 10 mL of dioxane was added dropwise. After the addition, the reaction was
stirred for 4 hours, during which a white precipitate formed. The product was
extracted with ether (3 x 20 mL). The organic layers were combined and washed
with water (3 x 30 mL), dried over MgSO4, and removed in vacuo Xo leave a clear
oil. The product was purified on silica gel using ethyl acetate to give 2.17 g (87%)
of 21 as a clear oil. 1H NMR (300 MHz, CDCI3 87.74 (d, 2H, J = 7.5 Hz), 7.59 (d,
2H, J=7.4 Hz), 7.38 (t, 2H, J = 7.2), 7.29 (td, 2H, J = 7.4, 1.2 Hz), 5.42 (bs, 1H,
NH), 4.41 (d, 2H, J = 6.8 Hz), 4.21 (t, 1H, J = 6.6 Hz), 3.5-3.8 (m, 10H), 3.38
(bs, 2H), 2.33 (bs, 1H, OH).

OAC

1-0-(8-azido-3,6-dioxaoctyl)-2,3,4,6-tetra-0-acetyl-a-D-mannopyranoside
(22). Freshly distilled BF3Et20 (2.24 g, 2.0 mL 15 mmol) was added slowly to a

stirring solution of 13 (9.7 g, 19.7 mmol) and 18 (10.4 g, 59 mmol) in CHZCI2 (100
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m ) containing crushed 4A molecular sieves (1.2 g). The reaction was followed
by TLC using 1:1 EtOAcpetroleum ether. The reaction was stirred under Ar for
12 hours. After which, about 2 g of solid NaHCO3was added slowly to the
mixture. The mixture was filtered over celite and the solvents were removed in
vacuo. The oily product was purified by column chromatography on SiO2using
1:1 EtOAc:petroleum ether as eluent to give 6.68 g (65%) of 22 as a very thick
oil. 1H NMR (300 MHz, CDCI3 65.15-5.40 (m, 3H), 4.83 (d, 1H, J = 1.5 Hz)
4.25 (ap. dd, 1H, J = 12.4, 5.2 Hz), 4.08 (d, 1H, J = 2.3), 3.95-4.05 (m, 1H),
3.7—3.8 (m, 2H), 3.60-3.68 (m, 8H), 3.36 (t, 2H, J = 5.2 Hz), 2.11 (s, 3H), 2.06
(s, 3H), 2.00 (s, 3H), 1.95 (s, 3H).

OAC

NH2
1-0-(8-amino-3,6-dioxaoctyl)-2,3,4,6-tetra-0-acetyl-a-D-mannopyranoside

(23). A solution of 22 (1.2 g, 2.3 mmol), Ph3P (0.66 g, 2.5 mmol), and water (62
mg, .06 mL, 3.4 mmol) in THF (10 ml) were stirred overnight. The solvents were
removed in vacuo and the product purified by column chromatography on SiO2
using 8:2 CHCI3MeOH as eluent. An analytical sample was purified by column
chromatography on SiO2using the same eluent containing 5% Et3N. 1H NMR

(300 MHz, CDCI3 55.10-5.25 (m, 3H), 4.79 (s, 1H), 4.17 (ap. dd, 1H, J = 12.2,
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4.9 Hz), 3.90-4.05 (m, 2H), 3.71 (bt, 2H), 3.58 (s, 10H), 3.12 (bt, 2H), 2.05 (s,

3H), 1.99 (s, 3H), 1.95 (s, 3H), 1.89 (s, 3H).

OAc

ON-xg™"x/OxX* nhFMOC

(2-{2-[2-0-(2,3,4,6-tetra-0-acetyl-a-D-mannopyranosyl)-ethoxy]-
ethoxy}ethyl)-carbamic acid 9H-fluoren-9-ylmethyl ester (25). Freshly distilled
BF3 Et2 (3.97 g, 3.6 mL 28.0 mmol) was added slowly to a stirring solution of 13
(14.0 g, 28.0 mmol) and 21 (10.6 g, 28.0 mmol) in CHZCI2 (100 mL) containing
crushed 4A molecular sieves (1.4 g). The reaction was followed by TLC using 1:1
EtOAc-hexanes. The reaction was stirred under Ar for 4 hours. After which, about
2 g of solid NaHCO3was added slowly to the mixture. The mixture was filtered
over celite and the solvents were removed in vacuo. The product was purified by
column chromatography on SiO2using 1:1 EtOAc-petroleum ether as eluent to
give 11.5 g (59%) of 25 as a fluffy white solid. 1H NMR (300 MHz, CDCI3 5 7.70
(d, 2H, J = 7.4 Hz), 7.55 (d, 2H, J = 7.3 Hz), 7.34 (t, 2H, J = 7.3 Hz), 7.25 (t, 2H, J
= 7.3 Hz), 5.42 (bt, 1H), 5.20-5.35 (m, 3H), 4.82 (s, 1H), 4.35 (d, 2H, J=6.8
Hz), 4.10-4.30 (m, 2H), 3.95-4.10 (m, 2H), 3.70-3.80 (m, 1H), 3.45-3.65 (m,
9H), 3.30-3.40 (m, 2H), 2.10 (s, 3H), 2.04 (s, 3H), 1.98 (s, 3H), 1.94 (s, 3H). 1
NMR (75 MHz, CDCI3 8 170.5, 169.8, 169,7, 169.5, 156.3, 143.9, 141.1, 127.5,

126.8, 124.9, 119.8, 97.5, 70.5, 70.2, 69.9, 69.8, 69.4, 68.9, 68.3, 67.2, 66.4,
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66.0, 62.3, 47.1,40.8, 20.7, 20.6, 20.5 ppm; HRMS (MALDI-TOF) m/z 724.2585

(M + Na, calcd 724.2581 for CZHAANOW).

OH

NHFMOC
(2-{2-[2-0-(a-D-mannopyranosyl)-ethoxy]-ethoxy}ethyl)-carbamic acid 9H-

fluoren-9-ylmethyl ester (25b). A solution of 25 (3.14g, 4.48 mmol) in methanol
was stirred while 0.7 M NaOMe (0.6 mL, 0.5 mmol) was added. The reaction was
stirred for 1 h, after which acidic Amberlite IR-120(plus) ion-exchange resin was
added until the reaction was neutral. The mixture was filtered and concentrated
to give a crude oil. The oil was absorbed onto a plug of silica gel and most
impurities were washed away using warm EtOAc. The product was extracted
from the silica gel using 1:2.1 EtOAc-IPA-H20. A final purification was done using
column chromatography on silica gel and 10:3:1 EtOAc:IPA:H2 to give 1.3 g
(55%) of 25b. 1H NMR (500 MHz, CDCI3 6 7.71 (d, 2H, J = 7.5 Hz), 7.56 (d, 2H,
J=75Hz), 7.35 (t, 2H, J = 7.4 Hz), 7.26 (dd, 2H, J = 13, 7.4 Hz), 4.81 (s, 1H),
4.66 (bs, 4H) 4.35 (d, 2H, J = 6.6 Hz), 4.17 (t, 1H, J = 6.6 Hz), 3.92 (bs, 3H), 3.83
(bs, 1H), 3.71 (bt, 2H), 3.51 (bs, 10H), 3.32 (bs, 2H); 13 NMR (75 MHz, CDCI3 6
156.6, 143.9, 141.2, 127.6, 127.0, 125.0, 119.9, 100.0, 72.3, 71.5, 70.8, 70.4,
70.1, 70.0, 66.5, 66.4, 61.0, 47.1, 40.8 ppm; HRMS (MALDI-TOF) m/z 556.2173

(M + Na, calcd 556.2159 for CZHINOD.
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CHAPTER 4
HETEROGENEOUS PAMAM FUNCTIONALIZATION
Introduction

~ While the full functionalization of a dendrimer or of any other scaffold
provides valuable information about the mechanism of multivalent binding,
varying the number of sugars or bindi'ng epitopes in general on the surface could

provide even more information. A number of systems have been reported that

vary the density of binding epitopes presented by the Iigand.m’ 16, 32, 64, 66, 71, 72,

184-189 general, the best activity of the partially functionalized ligands does not

comeﬂfrom the most funptionalized caée. It is very often that a less functionalized
ligand exhibits the greatest activity. .

A bouple of examples that illustraté this phenomenon are shown in Figuré
41.In 1\9.99, H0useman and I\/‘Irksic'h used a self-assembled monolayer of
alkanethiolates on gold to dem'on~strate that the enzymatic ‘ac':tivity of boyine B-

1,4-ga|actosylfransi‘erase (GalTase) depended on the density of N-

ac_:etylglucosémihé'(GlcyNAc) on the gold surface (Fig‘ure, 4.1 a).1"85‘The highest

enzymatic activity was achieved when 0.7 mole percent of GIcNAc was placed

on’ the surface. At higher densities of GIcNAc, the activity dropped off rapidly.
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Kiessling and co-workers demonstrated in 1997 that the interaction of

mannose-functionalized polymers synthesized by ROMP with Con A depended
on the number of sugars present (Figure 4.1b).72 They found that when the
repeating unit contained only one mannose residue, the polymer was eight times
more active than the polymer that contained two mannose residues per repeating

unit (see Figure 1.8).

Figure 4.1 Systems that demonstrate the effect of epitope density; (a) self-
assembled monolayer presenting varying amounts of N-acetylglucosamine; (b)
ROMP synthesized glycopolymer that contains 50% mannose units.
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In both éaSes, the rationalé for the de_cr‘easeh in activity as the number of
epitopes increased is due to steric crowding. This and the results of other similar
investigations suggest that the best multivalent Iigand would be one in which the .
scaffold is only partially functionalized. However, the optimal epitope density

cannot be predicted and must be determined experimentally.

Heterogeneous Dendrimer Functionalization

In order to systematically study the effect of changing epitopé density on
the surfac“e of the dendrimer as well the size of fhe dendrimer, the next phase of
thi_s project dealt with synthesizihg a se_rie_s of heterogeneously mannose-
fur;c;tionalized VIADA'MAM‘ dendrimers. By the controlled Heterogeneous
functiona‘lization of dendriméré, it should be possible to vary the number of
sugars on the surface of t‘h'e:den'drimer, thus cohtrolling the'epitope density on
the surface. Contro!ling the epitope density has the advantage of changing the
number of sugars present wit‘hout drastically changing the size of the dendrimer.
On the other hand, by using different generations of PAMAM dendrimers, we will
be able to control the size of the molecule. |

The heterogeneous functionaliiation of dendrimers is not new. Recently,

brilliant researchers in our lab published a review on heterogeneous dendrimer

functionalization.®® A few points are briefly given here to put this work in context

with the field.
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Just as there are two main ways to synthesize dendrimers (convergently
and divergently, see Figure 1.10 and Figure 1.11), there are also two main ways
to heterogeneously functionalize dendrimers. Both are closely related to the
divergent and convergent methods of dendrimer synthesis. The first is to include
the various epitopes into the dendrons that are being pieced together (Figure

4.2). This method is labor intensive, but it provides control over where the

epitopes are on the dendrimer.

Figure 4.2 Heterogeneous dendrimer functionalization by including the various
epitopes with each dendron.

A more straightforward method is the functionalization of an existing
dendrimer. By stoichiometric control, the degree of functionalization can be
controlled. While this method is a more direct route to heterogeneously
functionalized dendrimers, there is no control over the location of the epitopes.

Ideally the addition is random, but this may not always be the case.
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Figure 4.3 Heterogeneous dendrimer functionalization by adding the epitopes
directly to an existing dendrimer.

Initial Attempt to Heterogeneously
Functionalize a PAMAM Dendrimer

Before the successful synthesis of water-soluble mannose-functionalized
PAMAM dendrimer had been achieved (as described in Chapter 3),

heterogeneous functionalization was done using 7 and 43. The synthesis of

43191 is shown in Scheme 4.1. The reaction of the amino alcohol 42 with

thiophosgene in 70% aqueous ethanol produced 43 in 77% vyield.

CI2C=S

0
o 70% EtOH sen

OH
OH 77%
42 43

Scheme 4.1 Synthesis of 43 to be used as a spacer in heterogeneous dendrimer
functionalization.

The phenyl isothiocyanate 43 was chosen as the second surface residue
because of its obvious similarity to the aglycon portion of 7. The similarity was
expected to make the reactivity of the two similar. In addition, the ethyl alcohol

portion is relatively similar in length compared to the mannose portion of 7.
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~ G > n equiv

PAMAM
PAMAM

m equiv

Scheme 4.2 Initial effort for heterogeneous functionalization of G(4)-PAMAM
using 7 and 43.

The general reaction for the heterogeneous functionalization of a G(4)-
PAMAM dendrimer is shown in Scheme 4.2. Solutions in DMSO of the alcohol 43
and carbohydrate 7 were made and aliquots of varying stoichiometry were added
to a stirred DMSO solution of the G(4)-PAMAM dendrimer. The product was

purified by dialysis against 21 DMSO:water.

Characterization of Heterogeneously Functionalized
Generation 4.0 PAMAM-Based Thiourea-Linked Phenyl
Ethanol and Phenyl-g-D-mannopyranoside Dendrimers

Data for the heterogeneously functionalized PAMAM dendrimers shown in
Scheme 4.2 is shown in Table 4.1. The theoretical ratio of 7:43 was determined
by the stoichiometry of reagents. As can be seen, the actual values as
determined by IH NMR (vide infra) are very close to the desired ratios, indicating

that it should be possible to control the number of carbohydrates on the surface

by simply control of the stoichiometry of reagents.
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Table 4.1 Data for heterogeneously functlonallzed PAMAM dendrlmers shown in
Scheme 4.2.

Compound 7:43 7:43 M,, from Theoretical

Theory . Actual by NMR  MALDI-TOF My .

44a 2:1 2:1 - 25800 28300 -

44b ' 11 . 1.2 25400 27280
44c | 1:2 1:2.3 - 22400 25760
44d . 1.5 1:4.5 21900 24550
44e 1.7 1:7.2 : 21500 24283

@ Theoretical MW values based on theoretical ratio of 7:43 shown in column two
The 'H NMR (500 MHz) spectrum of 44¢ is shown in Figure 4.4. As
expected, there are a number of similarities and differences between this
spectrum and the spectrum for 8 (fully phenyl mannose-functionalized) seen in
Figure 2.1. First, both have broad singlets for the amiae protons on the interior of
the dendrimers at around 8 7.8 and 8 7.6. The peak at 6 8_.0 corresponds to the
thiourea NH signai (ArNHCSNHR). This proton is far enough removed from the
aromatic ring tha’é the difference‘ between the chemical éhifts arising frorﬁ 43 and
7 should be small and both signalé should and do appear together. The
difference in peaks for the thiourea NH signals (ArNHCSNHR) adjacent to the | ‘
aromatic rirylvg is evident from the peaks at 6”9.5 and 8 9.4. The paak at$9.5 l
corresponds to the thiourea NH peak from the addition of 43, while the peak at
8 9.4 corresponds to the thiourea NH peak from the addition of 7. Because the
thiourea NH peaks are broad and overlapping, usmg integration values to

determine the ratio of 7:43 is not possible with the thiourea NH peaks
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Figure 4.4 H NMR spectrum of 44c, (a) the full spectrum, (b) the region from
which the ratios of 7:43 are derived.
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In the aromatic regidnr of the spectrum, the peaks of 7 changed in the
same way as seen before in the formation of 8. Both aromatic peaks shifted
upfield py abouf 0.2 bpm. ‘Ih 'cbntrast, only'one of the aromatic peaks from‘ 43
changed frém 5 7.2. One peak shifted upfield by 0.1 ppm. The result is that half
of the aromatic signals for 43 and 7 overlap at 8 7.2, which cqrresponds to the
'protons in the meta position relative to the thiourea group. The other aromatic
peak from addition of 43 is at 8 7.1 and the peak from addition of 7 is at § 7.0.
Sincé there is enough separation between the péaks at$7.1 and & 7.0,.the -
integration can be used to get a ratio of 7:43. In the case of 44c, the ratio is
1:2.2. | |

, Aﬁothér very diagnostic region of the '"H NMR spectrum is shown in_ Figure
4.4b. This region from 8 4.3—5.4 contains the signals from the anomeric proton
and the mannose hydroxyl protons. fhé anomeric peak is at 8 5.28; and the
hydroxyl protons are at 8 4.99, 4.81, 4.74, 4.44. A satisfying observation was
made coﬁcerning the alcohol proton of 43. It is located at 8 4.59, between two
mannose peaks, and it do.es not overlap withﬂ anything. Because of this, the rgtio
of the_f integration of peaks from the anomeric and hydroxyl signals gives an
- accurate ratio of 7543. For 44c, the rafcio dérived from this region is 1:2.3; which is
|n very close agreement with the ratio derived from the aromatic region. All
valueé shown in Ta.ble 4.1 are derived using integrétion data taken from this

region.
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The MALDI-TOF MS data was collectéd for dendrimers 44a-e. That da’ta
is also reported in Table 4.1. In all cases the polydispersities were quite low.
None were higher than 1.02, which indicates that mixing both 7 and 43 resulted‘
in an equal distribution of the molecules and thus a specific degree of |
functionalilzation. In other words, there wére few molecules that were
functionalfzed with just .7 or just 43 or anywhere in between. Most molecules

were functionalized with the ratio as given by NMR.

Heterogeneous Functionalization of G(6)-PAMAM Using
p-Isothiocyanatophenyl-a.-D-mannopyranoside (7)
and 2-(4-Isothiocyanatophenyl). Ethanol (43)

The Heterogeneous functionalization was also done using G(6)-PAMAM
dendrimers using the same technique as mentioned for the G(4)-PAMAM case.
The reaction is shown in Scheme 4.3. As in the G(4)-PAMAM case (see Scheme
4.2) the components 7 and 43 were mixed and added together directly to the
reaction mixture. In this case, a dendrimer furictionalized only with 43 was also’
synthesized. The resul’gs and data are shown in ‘Table 4.2. The compound 45e
containing only 43 was synthesized in order to identify the peaks’in the‘ "H NMR
that are due to the addition of 43. |

The H NMR spectrum‘ of 45a is shown in Figure 4.5. Figure 4.5a shows
the c;omplete spectrum‘ and Figure 4.5b shows thé region thét is used to

determine the ratio of 7:43. In the case of G(6)-PAMAM functionalization, 45a-e,
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due to the symmetric nature of the dendrimers, the NMR spectra look almost
identical to the G(4)-PAMAM case, 44a-e. In the larger dendrimers the peaks
tend to be broader, but the peak locations are often very similar. Therefore the
determination of the 7:43 ratio is done as previously described for 44a-e. While
the peaks are broader for the G(6) dendrimer, the peak at 6 4.6, which
corresponds to the alcohol peak of 43, is still distinct from the surrounding peaks

such that accurate integration values can be calculated.

n equiv N N
/G (&) 0 1 GG >
(h2n) > ama*“ PAMAM
177"/
m equiv
45a-e

Scheme 4.3 Heterogeneous functionalization of G(G)-PAMAM using 7 and 43.

Table 4.2 Data for heterogeneously functionalized PAMAM dendrimers shown in
Scheme 4.3

Compound 7:43 7:43 Mw by Polydispersity Theoretical
Theory Actual by MALDI-TOF Mwa
NMR

45a 31 251 83900 1.09 99190
45b 11 1:1.3 88950 1.02 93600
45c 1:3 1:4.3 73160 1.06 87530
45d 1:8 1:13.5 72950 1.06 84310
45e Just 43 NADb NDc ND 81770

aTheoretical Mw based on theoretical value of 7:43 in column two.
bNA = Not Applicable
cND = Not Determined
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Figure 4.5 1H NMR spectrum of 45a, (a) the full spectrum, (b) the region from
which the ratios of 7:43 are derived.
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From the data in Table 4.2, the ratio of 7:43 detervrhined by NMR is close |
to the theoretical value as determined by stoichiometry. However, as one
component (in this case 43) increases to a large excess, it seems the desiréd
ratio is more difficuit to achieve.

| Table 4.2 also shows the molecular mass data obtained from MALDI-TOF
MS. Inspectibn of the mass data reveals a discrepancy; the mass of 45b should
be lower than dsa'gince it contains less 7 than 45b does. This may be a result of
experi‘mental error, but it may also be a result of the system. The polydispersities
of the ﬁol'ch‘Ies are higher than in the G(4)-PAMAM case (which were all less
than 1.02). When measured t;y MALDI-TOF, it is known that polymers with high
polydispersities tend to give lower masé data than the actual value (the

theoretical My, values based on the theoretical ratios of 7:43 are given in Table

147, 148

4.2 fo;" comparison). Whether that is the case here is not clear, but the

“discrepancy emphasizes that collecting data for high weight polymers ié often
difficutt.
Summary of Heterogeneous PAMAM Functionalization

Using p-lsothiocyanatophenyl-a-D-mannopyranoside (7)
and 2-(4-Isothiocyanatophenyl) Ethanol (43)

As was mentioned in Chapter 2, the solubility of the phenyl mannose
functionalized dendrimers in water is poor. The addition of 43 certainly did

nothing to improve that. Therefore, 44 and 45 could not be tested for biological
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activity. Despite this, a good deal was learned about the heterogeneous
functionalization of PAMAM dendrimers using is‘othiocyana"[es.

First, NMR provides a useful tool for the determination of the ratio of
components on the surface of dendrimer. This does, however, rely oﬁ having
surface residues that have at least one proton chemical shift that is unlique from
all signals from other surface groups. If the peaks overlap, the accuracy of the
NMR determfned ratio 'vyill be compromised.

A second Ieséon learned was that sequential addition of fhe various
isothiocyénates should be explored. Sequen‘tial‘ addition might eliminate the
discrepancy between the ratios of reagents added and the ratios of surface
groups in 45¢ and 45d. Sequential addition might also decrease the |

polydispersities of 45a-d.

Heterogeneous PAMAM Functionalization Using 2-(2-
isothiocyanatoethoxy)ethanol (28) and 1-O-(5-isothiocyanato-3-
oxapentyl)-2,3.4,6-tetra-O-acetyl-a-D-mannopyranoside (29)

After having developed a method for the formation of water-soluble
mannose-functionalized PAMAM dendrimers (see Chapter 3), it became clear
that the same method could be applied to the synthesis of water-soluble
heterogeneously functionalized PAMAM dendrimers. The main approach relied

on the use of 28 and 29.
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PAMAM

28
xequiv
DMSO, 8h, rt

x PAMAM

G(3): 46a-f; G(4): 47a-p
G(5): 48a-h; G(6): 49a-m

OR

yeaaiv &
DMSO, Bh, 1t

x PAMAM

G(3):50a-f; G(4):51a-p

NaOMe Ac G(5): 52a-h; G(6): 53a-m

MeOHZH20
R =H G(3): b4a-f; G(4): 55a-p
B G(5): 56a-h; G(6): 57a-m
Scheme 4.4 Heterogeneous functionalization of PAMAM dendrimers using 28
and 29.
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The general procedure for the heterogeneous functionalization of PAMAM
dendrimers is shown in Scheme 4.4. The method employe.d is similar to that |
used in Schemie 4.2 and Scheme 4.3. However,.in this case, the spacer
isothiocyanate (28) and mannose unit (29) were added sequentially.

Briefly, an aqueous splution of commercially prepared PAMAM dehdrimer
was ly,obhilized to leave a foamy residue. This residue was dissolved in DMSO
and ar{ appropriate volume of a DMSO solution of 28 corresp'onding to x
equivalents was added to the reaction and sfirred overnight to form 46-49 for
G(3) through G(6), respectively. Without isolating this product, an appropriate
volume of a DMSO solution of 29 corresponding to yequivélents was'added to
the reaction and stirred overnight to form acety! protectéd dendrimers 50-53 fér
G(3) through G(6), respectively. |

The acetylated products were purified by dialysis in DMSO (cellulose, MW
cutdff »1 000 g/mol). After \Iyoph“ilization to remove the DMSO, global deprotection
was achieved using Zemplén conditions in 1:1 H,O:MeOH. The products were
purified by diafysis against water (céll‘ulbse, MW cutoff 1000 g/mol) and then
lyophilized to leave a foam of products 54-57 for G(3) to G(6), respectively.

The acetylated products, 50-53, were not appreciably soluble in water or
fnethanol, while the deacetylated‘ products, 54-57, Were‘ water-soluble unless the

ratio of 28:29 was above 9:1. If the ratio became higher, the solubility of the
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product in water decreased significantly. In fact, dendrimers that contained only
28 (i.e. 58-61) were nearly insoluble in water.

While protection of the mannose hydroxyl groups is not necessary during
thiourea formation, it proved advantageous to form the thiourea with the acetyl
groups on the sugars. This is because the acetyl groups provide sharper NMR
signals than the deprotected dendrimer and allow for the ratio of 28:29 on the
surface of the dendrimer to be determined by integration of appropriate peaks.

In addition to heterogeneously functionalizing the dendrimers using 28 and
29, G(3)- to G(G)-PAMAM were also completely functionalized using 28 to be
used as a controls (Scheme 4.5). The procedure was the same as for the

formation of the mannose-functionalized dendrimers 38-41.

HO NCS

28

n equivs 58 G(3); 59 G(4)
60 G(5); 61 G(G)
Scheme 4.5 Complete functionalization of G(3)- to G(G)-PAMAM dendrimer with
just 28.

Characterization of Heterogeneous Functionalized Dendrimers

All heterogeneously functionalized dendrimers and intermediates were

characterized by NMR and MALDI-TOF MS. Both techniques provided
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complimentary data that pduld be used to determine the number of sugars on the
surface of each dendrimer.

Figure 4.6 shows the '"H NMR spectra of peracetylated 511 (G(4)-PAMAM
_ -with 35 sugars) and the same dendrimer after deacetylation, 551. The specfra of
the acetylated dendrimer in Figure 4.6a provides a significant amount of
information.

Since 28 and 29 have similar methylenes adjacent to the isothiocyanate
functionality, the thioureas that form upon reaction with the dendrimer of 28 and
29 are also expected to be quite similar. Ihdeed, the 'TH NMR signals for the
thiourea protons are indistinguishable in the spectrum. The thiourea protons
signals are seen ‘at around 7.5 ppm. The two broad peaks further downfield ére
from the a.mide‘ pfotons on the interior of the dendrimer.

The broad peak at 4.56 ppm in F.igure 4.6ais froh thé OH group of 28.
The peaks at ¢ 5.07 (3H), 4.88 (1H), 4.11 (1H), 4.60 (1H) and 3.95 (1H) ppm
correspond to the seven protons on the carbon chain of the sugar in 29 (see
inset in Figure 4.6a for blow up of the region from 3.0 to 5.1 ppm). As in the case
of dendrimers 44 and 45,-some of the peaks from 28 and from 29 do not overlap.
As arresult, the NMR spectra of the pergcetylated dendrimers are very useful for

the determinatidn of the ratio of 28:29 on the surface of the dendrimer.
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Figure 4.6 1H NMR (500 MHz) spectra of (a) peracetylated 511 and (b)
deprotected 551.
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For the example shown in Figure 4.6a, the ratio of 28:29 ‘is 1:2 which
corresponds to 67% mannose. In general, the experimentally determined ratio of
endgroups from 28:29 on‘the dendrimers was typically very close to the expéctéd
values. This ihdic;ates that the' degree of functionalization can be easily controlled
by stoichiometric control of reagents. Figure 4.6b shows deacetylated 55I. After
deprotection, the overlap of peaks makes quantitative anélysisby NMR much
more difficult. ;

While 'H NMR integrations provide an excellent measure of the ratio of
functional groups (see Figure 4.6a for an example), fhe MALDI-TOF MS spectra '
give a much more accurate quantitative indication of how rﬁany mannose
residues are present on the dendrimers. During the reaction sequences (see
Scheme 4.4), small éamples of 47-49 and 50-53 were rerhoved and, along with
the final products 54-57 and the starting material P‘AMAMs, v;/ere analyzed by

- MALDI-TOF MS. Represe.ntativ\./e mass spectra are shown in Figure 4.7 and
Figure 4.8.
Tomalia et. al. ha.\/é réported that the average molecular weights of

PAMAM dendrimers are smaller than the theoretical weights; our MALDI results
are consistent with Tomalia’s electrospray results.'®® That the shape of the
product peaks is nearly identical to the shape of the étarting material p‘eak (see

Figure 3.7 and Figure 3.8) suggests that most (if not all) of the peak broadening

in the MALDI spectra is caused by defects in the dendrimers.
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Figure 4.7 MALDI-TOF MS spectra of: (a) 47j, (b) 51j, (c) 55j (from G(4)-PAMAM
series).
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Figure 4.8 MALDI-TOF MS spectra of: (a) 49i, (b) 53i, (c) 57i (from G(G)-PAMAM
series).
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Table 4.3 shows molecular mass data for many of the products formed for
each generation of dendrimer (see Scheme 4.4 and Scheme 4.5) as determined
by MALDI-TOF MS. Table 4.3 also shows the number of sugars per molecule |
and percent functionalization, which was derived from the mass data.

Comparison of the moleeular rﬁass data of the products (in eddition to the
NMR date) provided sigdfficant information on the number of sugars on the
surfaee of the dendrimer. I'=o}'e>'<emple, the mass (M) of 47j is 16,900 .g/mol, 51j
ie 31,950 g/mol, and 55j is 26,600 g/mol. The difference between'51j and 47j is
the lnumber of molecules of 29 added (MW ;.477),'30: (31,950 — 16,900)/477.=
31.6 sugars. Likewise, the difference between 47j-and 55] |s the number of
deprofected carbohydrates (MW = 306), so: (26,600 — 1;3,900)/ 306 =31.7
sugars. The difference between 51] and 55j is the result of the loss of four acetyl
protecting gfoup‘s per sugar (MW = 172), so: (31 ,950 —26,600)/172=31.1
sugars. The average number of sugars is 31.5, which is rounded up to 32 sugars.
This procedure was repeated for ell dendrimers synthesized, and the calculated
values are shown in Table 43

In some cases, the molecular weights of the dendrimers after the addition
of 28 (i.e. the dendrimers that contained oln'lly polyethylene glycol, see 46a-f)
were not deterrﬁined. Despite this, by using the mass values for 50a-f, 54e-f, and
the G(8)-PAMAM reliable calculations to determine the number of sugar residues

per dendrimer could be performed.
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Table 4.3 Molecular weight data from MALDI-TOF MS. Number of sugars and
percent functionalization. Molecule numbers are in parenthesis.

Generation My, (g/mol) My, (g/mol) My (g/mol) Sugars® %
(just 28) (28 + 29) Deacetylated funct.®
3 11200 (58) NA?2 NA 0 [
3 ND" (46a) - 11590 (50a) 10900 (54a) 4 14
3 ND (46b) - 12700 (50b) 11800 (54b) 6 21
3 ND (46¢) 14100 (50c) 12050 (54c¢) 12 42
3 ND (46d) 15100 (50d) 12600 (54d) 15 52
3 ND (46e) 17080 (50e) 13600 (54e) 21 72
-3 ND (46f) 18370 (50f) 14300 (54f) 25 86

R I NA 21000 (32) 15930 (38) 29 100
4 21100 (59) NA NA 0 -0
4 ND (47a) 22300 (51a) 21220 (55a) 7 13
4 20000 (47b) 23700 (51b) 22340 (55b) 8 15
4 -~ 19700 (47c) 24100 (51c) 22500 (55¢) 9 16
4 ND (47d) 24800 (51d) 22500 (55d) 13 24
4 18800 (47e) 25800 (51e) 23300 (55e) 15 27
4 ND (47f) 26200 (51f) 23100 (55f) 18 33
4 17900 (47g) 27900 (61g) 24500 (559) 21 38
4 ND (47h) 28500 (51h) 23800 (55h) 27 49
4 ND (47i) 31600 (51i) 26600 (55i) 30 55
4 16900 (47j) 31950 (51j) 26600 (55j) 31 56
4 ND (47k) 30500 (51k) 25000 (55k) 32 58
4 16300 (471) 32900 (511) 27100 (55I) 35 64
4 ND (47m) 32000 (51m) 25200 (55m) 37 67
4 15800 (47n) 35000 (51n) 28100 (55n) 40 73
4 14800 (470) 37000 (510) 29100 (550) 46 84
4 14100 (47p) 38400 (51p) 30000 (55p) 51 93
4 NA . 39000 (33) 30600(39) 55 _100
5 40150 (60) NA NA 0 0.
5 41300 (48a) 42800 (52a) 42750 (56a) 4 4
5 ND (48b) 41500 (52b) 40100 (56b) 8 8
5 39000 (48¢c) 47300 (52c) 45000 (56¢) 17 18
5 36700 (48d) 51800 (52d) 47400 (56d) 33 35
5 34400 (48e) 58100 (52¢) 50600 (56e) 51 54
5 - ND (48f) 59700 (52f) 48100 (56f) 67 71
5 30500 (48g) 64500 (52g) 54200 (569) 74 78
5 28900 (48h) 69400 (52h) 55600 (56h) 86 91
5 _NA _ 73600(34) 58500 (40) 95 100
6 81550 (61) NA NA 0 0
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Generation  M,, (g/mol) M, (g/mol) M, (g/mol) Sugars® Y%
(just 28) (28 + 29) Deacetylated funct.’
6 73800 (49a) 79200 (53a) 77400 (57a) 11 6
6 72100 (49b) 81000 (53b) 78000 (57b) 18 10
6 72100 (49¢c) . 84400 (53c) 80100 (57c¢) 26 15
6 70400 (49d) 86400 (53d) 80100 (57d) 33 19
6 68400 (49e) 87900 (53e) 81000 (57e) 40 22
6 67700 (49f) 93200 (53f) 83100 (57f) 52 29
6 64800 (49g) 99200 (53g) 87100 (57g) 73 41
6 60600 (49h) 106500 (53h) 91000 (57h) 95 53
6 58100 (49i) 106300 (53i) 89500 (571i) 100 56
6 ND (49j) 111000 (53j) 93900 (57j) 102 57 .
6 54900 (49k) 114000 (53k) 96000 (57k) 122 69
6 53100 (49]) 122900 (53I) 97700 (571) 146 82
6 ND(49m) 126000 (53m) 99900 (57m) 151 85
6 NA 132000 (35) 101200 (41) 178 100

2 NA = Not Applicable
® ND = Not Determined
° See text preceding table for the method used to determine the number of
sugars. _
4 Percent functionalization based on the maximum possible number of sugars for
each generation.

We find that, 'although‘ the theoretical number of endgroups for G(3), G(4),
G(5), and G(6)-PAMAMs are 32, 64, 128, and 246 respectively, we are only able
to add a maximum of 29, 55, 95, and 178 mannose groups to the dendrimer.
Since we calculate that on average G(4), G(5), and G(6)-PAMAMSs are missing 9,
26, and 44 terminal groups respectively (see Chapter 2), the mannose
functionalization proceeds in 84% yield or higher.

To determine the percent mannose functionalization listed in Table 4.3,
the calculated number of sugars was compared to the maximum number of

sugars that can be added to the PAMAM dendrimer (see Chapter 2 for a

discussion on the actual number of terminal amines on each generation of
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dendrimer). For example, G(4)-PAMAM theoretically has 64 terminal amines.
Analysis of MAL[{)I MS d.ata of the G(4)-PAMAM indicates tHat there are only 55
terminal amines present on the surface. This value of 55 is used as the maximum
R number of sites available for functionalization. Analysis of the mass data for
compoun{d 39 indicates that there are 55 carbohydrate residues on the surface,
which means the percent functionalization of 39 is 100%. The percent
functionalization of all generation four carbohydrate-functionalized PAMAM
dendrimers are determined relativé to'55 sites available for thiourea formation.

It should be noted that reversing the order of the addition of 28 and 29
sHowea no change in the ratio 6f 28:29 in the product (i.e. both 28 and 29
seemed to react similarly and predictalbly). However, stoichiofnetric control does
not guarantee an exact ratio. In a typical procedure, the reagents are added in
stoichiometric amounts fhat would result in a given ratio‘, but this actual ratio must
be determined experimentally using NMR and MALD-TOF MS.

For the dendrimers listed in Table 4.3, the polydispersities were all less
than 1.02, indicating a narrow range of molecular weights, which means, on the
average, all of the dendrimers in a given sample were functionalized uniformly

It is important té point out the NMR data provi‘de's a ratib of 28:29. This
does not necessarily tell how many sugars are on the dendrimer. If oﬁe assumeé
that every amine-is functionalized wfth either 28 or 29 fhén indeed the ratio will

tell how many sugars are present. However, this assumption cannot always be
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made. A dendrimer may ﬁot be fl;IIy functionalized, even though by all
appeara‘nces (i.e;: NMR data) it seems to be. The most reliable determination of
the number of sugars on the surface is the MALDI data. The MALDI data will
identify the number of carbohydrates on the surface regardless of whether the
dendrimer has been fully functionalized or not, or whether the commercially
prepéred dendrimer-being used from a given lot has as many amines as a

dendrimer from a different lot.

. Hemagglutination Assay of
Heterogeneously Functionalized Dendrimers

As a means to determine the activity of the newly synthesized
heterogeneously functionalized glycodendrimers, we chose to perform a
hemagglutination assay. While this assay does not provide information regarding
binding affinity, it does provide data that is useful in making a general
comparison of the effect heterogeneous functionalization has on the activity of
heterogeneously functionalized glycodendrimérs for Con A. ‘I'n a recent review
article discussing the various assays that have been used to study protein-
carbohydrate interact_ions,v Lundquist and Toéne note that “the inhibition of

hemagglutination ass_éy is a quick, simple assay that orders soluble ligands in a

rbugh order of binding afﬁnity.”22

~ To perform the hemagglutination, erythrocytes (rabbit). were added to

preincubated solutions of Con A and varying concentrations of dendrimer. The
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concentration of Con A was kept around 1 uM for all assays. At this
concentration, no deleterious precipitation of ligand and lectin was observed. The
lowest amount of dendrimer thét caused inhibition of hemagglutination was
determined.. The resulis are shéwn in Table 4.4. The large standard deviations
occu/r because, while the overall trends are consistent, different blood sources
(i.e. different blood from different rabbits on different days) give‘different
numbers. Each value represénts the average of at léast three assays.

The hemagglutination assay data as shown in Table 4.4 reveals that there
is a significant increase in activity for the fourth, fifth, and sixth generation
dendfimér 55-57 as the number of mannose residues on the dendrimer is
increased. As shown in Table 4.4, maximum activity occurs at just over 50%
sugar loading for all generations (56% or 31 sugars on 55j, 54% or 51 sugars on
56e, and 53% o‘r 95 sugars on 57h).

The G(3) functionalized dendrimers 54a-f and 38 do not show a sharp
increase in activity with increasing sugar functionalization, nor would such an
increase be expected since dendrimers 54a-f and 38 are not large enough to
span the multiple binding sites of Con A. In all casés, dendrimers that did not
contain any mannose (58-60) showed no activity in the hemagglutination assay.
Compound 61, which was the G(6)-PAMAM functionali;ed with only 28 (i.e. 61
does not contain any mannose) was not soluble enough in the aqueous bufferé

o obtain reliable data.
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" Table 4.4 Summary of results for hemégglutination inhibition assay and

precipitation assay.

Gen. Cmpd. Sugars - Rel. Rel. Con A Sugars
. activity per  activity Stoich.?  per Con A°
' mannose per
molecule®

3. 58 0 0 0 0 0
3 54a 4 6+2 24, ND
3 54b 6 8+ 4 48 4 15

" 3. 5B4¢ 12 13 + 11 156 7 1.7
3 54d 15 26 +13 390 10 15
3 . 54e 21 20+ 9 420 10 2.1
3 54f 25 18 + 8 450 11 23
3 38 29 2135 - 609 10 2.9
4 59 0 0 0 0 0
4 55a 7 8127 217 ND
4 55b 8 49 x 29 392 5 1.6
4 55¢ 9 94 + 13 846 6 15
4 55d 13 120 + 44 1560 ND
4 55e 15 124 + 8 1860 7 21
4 55f 18 157 + 53 2826 ND
4  55g 21 16328 3423 8 2.6
4 55h 27 174 + 44 4698 9 3.0
4  55j 30 256 * 51 7680 10 3.0
4 55] 31 273 +13 8463 ND
4 55k 32 245 + 6 7840 10 3.2
4 551 35 242 + 28 8575 10 3.5
4 55m 37 213 + 55 7881, ND
4 55n 40 222 +13 8880 10 4.0
4 550 46 203+ 8 9338 12 3.8
4 55p 51 184 + 12 9384 11 4.6 -
4 39 55 204+90 11220 12 4.6
5 -60. -0 0 0 0 0
5 56a 4 48 + 3 192 ND
5 56b 8 65 + 46 520 ND
5 - 56¢ 17 188 + 21 3196 11 1.5
5 56d 33 324104 10692 15 2.2
5 56e 51 447 + 133 22848 17 3.0

5 56f 67 24522 ND

366 + 120
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Gen. Cmpd. Sugars Rel. Rel. Con A Sugars
activity per  activity ‘Stoich.®  per Con A°
mannose per
molecule®
5 5649 74 388 £ 17 28712 16 4.6
5 56h 86 247 + 18 21242 16 5.4
5 40 95 305 + 209 28975 16 59
6 61 0 Insoluble  Insoluble ND
6 b7a 11 Insoluble  Insoluble ND
6 57b 18 Insoluble  Insoluble ND
6 b7¢ 26 Insoluble  Insoluble ND
6 b7d 33 148 = 100 4884 ND _
6 b7e 40 350 £ 319 14000 17 2.3
6 57f 52 390 £ 380 20280 22 2.4
6 579 73 492 = 259 35916 21¢ 3.5
6 57h 95 595 + 62 56525 22 4.3
6 b7i 100 570 = 29 57000 21 4.8
6 57j 102 516 £ 145 52626 ND
6 57k 122 407 £202 49654 25 4.9
6 571 146 397+ 74 57962 24 6.1
6 57m 151 350 = 106 52850 ND
6 41 178 354 + 89 63012 25 7.1

# Number of sugars x relative activity per.mannose.
® Determined from precipitation assay (see page 164 and following). Expressed
as Con A molecules per dendrimer.

° Number of sugars + Con A molecules per dendrimer.

4Value determined using only two assay trials.

The hemagglutination assay data is summarized in Figure 4.9. Figure 4.9a

shows the relationship between activity of the dendrimer relative to methyl

mannose and density of the sugars on the surface of the dendrimer. The relative

activity was adjusted to a per mannose basis for direct comparison to a-D-methyl

mannoside.

The density of the sugars was based on the number of sugars per

molecule as determined by the MALDI-TOF MS and NMR data and the surface
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area of the dendrimer based on measured dendrimer diameters. To determine
the sizes of the mannose-functionalized dend‘rimers in solution, o"thér Workers in
our group synthesized spin-labe[éd dendrimers and compared the linebroadening
eﬁects in t_he EPR spectré of the spin-labeled‘dendrim‘e‘r's to linebroadening
effects for solutions of kr'\own' concentrétioné of spin label. Because the spin label
(4-iosothiocyanato-2,2,6,6-tetramethylpiperidine N-oxide or 4-NCS TEMPQ) is _
six atoms shorter that the,m.annose' tether 29, a nIength of 5 A was added per

surface group or 10 A total was added to the measured diameters. Thus, the

approximate diameters-of 54-57 are 60, 78, 95, and.130 A, respec’[ively.192

The experimentally determined values are not in agreement with the

PAMAM data shown in Table 1.1. However, it has been previously reported that

172,173

dendrimers can exhibit significant deformation. In fact, déndrimers

deposited on mica surfaces are dome-shaped; a G(5)-PAMAM dendrimer was

reported from an AFM study to have a height of approximately 10 Aand a
diameter of more than 150 Al'"2

Figure 4.9a shows that, while the area available per suga.r at maximurﬁ
activity varies slightly for the different generation, the trend is similar in each
case. What is most strikin97 is that thé maximum activity does not correlate to -
maximﬁm sugar Ioadiné of the dendrimer. The decrease in activity as the number

of sugars increases above about 50% loading is most likely a result of
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accumulating unfavorable steric interactions between.Con A and the dendrimer.

Similar loading effects have Been observed in a number of systems in which the

binding epitope was varied.'® 32 64 721 §5

Another salient poi‘nt that is illustrated in Figﬁre 4.95, is that the maximum
activity occurs at slightly closer packing of the éugars as the generation
increases. The G(3) series (54a-f, and 38) reaches a maximum at approximately
750 A2 per sugatr, *;hé G(4) series (55a-p, and 39) reaches a maxirﬁum at
approximately 620 AZ per sugar, and the G(S) ‘series (56a-h, and 40) and the
G(6) series (57d-m, and 41) both reach a maximum at appr'oximately 550 A2 per
sugar. A reasonable explanétion is that the larger dendrimers are more dynarﬁic
and flexible and are thus better able to avoid unfavorable steric interactiéns that

smaller, less flexible dendrimers cannot avoid as readily.

Figure 4.9b shows the relationship between the concentration of_sugars

.on the surface of the dendrimer and activity on a per dendrimer basis (compared

to methyl mannose). A similar trend to that observed in Figure 4.9a is evident,
however, in this case as the epitope density increases (i.e. as the number of
sugars i'ncrease) the activity continues to increase beyond what was the

maximum activity on a per sugar basis (Figure 4.9a).




163
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Figure 4.9 Graphs of (a) activity toward Con A relative to mannose vs. area per
sugar for G(3) to G(6) series of heterogeneously functionalized dendrimers (see
Table 4.4), (b) activity towards Con A per dendrimer vs. area per sugar for G(4)
to G(6) series of heterogeneously functionalized dendrimers (see Table 4.4).
(N.B. lines shown are shown for clarity and are not curve fits).
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Since the graph compares number of molecules of dendrimer relative to
molecules of methyl mannose, this continuing increase in activity can bé
" attributed to the statistical glycoside clustering effect. As the number of sugars
available to a given binding site increases, the activity toward Con A increases.
This modest increase in activity is not as dramatic as thle increase gained when
the mqlecule is capgble of multivalent binding (G(3) vs. G(4), G(5), and G(6) in

Figure 4.9), but its effect is evident.

Precipitation Assay

To gain insight into the stoichiorrietry between the dendrimers and Con A,

a precipitation assay was performed. In this procedure as described by' Kahn et.

al'® the ligand in varying concentrations is incubated with a constant Con A

concentration. If the Con A concentration is high enough (in this case 33 yM),
the mannose-functionalized dendrimer will pfecipitate Con A. Aﬁer washing the
precipitate with cold buffef to remove any unpreéipitated Con A, the precipitate is
redissolved by addition of monomeric methyl mannbse and the concentration of
ConAis determinepl by UV absorbance at 280 nm. The graph of the data
collectea is shoWn in Figure 4.10 (G(3) series), Figure 4.11 (G(4) series), Figure
4.12 (G(B) series), Figure 4.13 (G(5) series). Thé ratio of dendrimer to Con A at

the point that maximum precipitation of Con A is observed is considered to be the |
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maximum stoichiometry of Con A to dendrimer. The results are shown in Table
4.4,

From the data listed in Table 4.4, the most obvious result is that, for each
generation 54-57, the number of Con A molecules binding to a dendrimer
reaches a maximum and levels off. This maximum is 10-11 Con A lectins for 54
(G(3) series), 11-12 Con A lectins for 55 (G(4) series), 16 Con A lectins for 56

(G(5) series), and 24-25 Con A lectins for 57 (G(6) series).

e—bA4f

10.00 100.00
log uM dendrimer

Figure 4.10 Precipitation assay data for G(3) series.
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55b

55¢
- - 55e

55¢g
—O—55h
--6- 55i

0.01 0.10 1.00 10.00 100.00
log uM dendrimer

55p
39

0.01 0.10 1.00 10.00 100.00
log uM dendrimer

Figure 4.11 Precipitation assay data for G(4) series. Data is divided into two
graphs for clarity.
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10.00
log /yM dendrimer

10.00
log MM dendrimer

Figure 4.12 Precipitation assay data for G(6) series. Data

graphs for clarity.

100.00

100.00

is divided into two
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% 0.8
< 0.6
e—b6g
«—56h
< 0.2
10.00 100.00

log uM dendrimer

Figure 4.13 Precipitation assay data for G(5) series.
The theoretical maximum number of Con A molecules that would fit

around 54-57 was determined using a computer program.1% The dendrimer was

modeled as a central sphere with a diameter from 10 to 240 A, with spherical
Con A molecules (65 or 70 A sphere to mimic Con A) placed on the dendrimer
surface. As the size of the dendrimer was varied, the maximum number of Con A
molecules that could fit around the dendrimer at each size was calculated. As a
check of the simulation, the results were compared to those obtained by placing
the outer (Con A) spheres at the vertices of a polyhedra with the inner
(dendrimer) sphere at the center. The computed and experimental results are

shown in Figure 4.14.
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Using the dendrimer diameters of 60, 78, 95, and 130 A for 54, 55, 56,
and 57 respectively, the calculated number of Con A lectins that should fit around
each dendrimer is in excellent agreement with the maximum number of Con A
lectins obtained in the precipitation assay. The simulation predicts 9-10 Con A
lectins for 54, 12-13 Con A lectins for 55, 15-16 Con A lectins for 56, and 22-23

Con A lectins for 57.

60
m 65 A spheres for Con A
¢+ 70 A spheres for Con A
0 a  Tetrahedron u
in S o0 Octahedron -
oy O Cube
& v Icosahedron U
o E Dodecahedron m
i 40 #  Experimental values for 54-5'7 VIRNT =
<
5 M
O [ |
rg 30 -
0]
is 20 &
SFZJ *4»
‘10 L r
4
0 -
0 50 100 150 200 250

Diameter of central (dendrimer) sphere
Figure 4.14 Graph showing the calculated and the experimentally determined
maximum number of Con A lectins that can be complexed by the dendrimers.

The only experimental value that varies significantly from the

computational value is that for the sixth generation dendrimers 57. The
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calculated maximum number of Con A Ieptins per dendrimer ié smaller (22-23)
than the observed value (24-25). This can be at'tributed to the inbreasingly
dynamic nature of the dendrimers. Highest generation dendrimers are expected
to be most dynamic, and 57 likely stretches to complex with a few extraCon A
molecules. That the calculated maximum number of complexed Con A lectins is

obtained in all cases qualitatively suggests a reasonably high affinity of Con A for

‘mannose-functionalized dendrimers.

Another interesting observation is that, after a certain percent loading, the
dendrimers for a given generation interact with nearly the same number of Con A
molecules, regardless of how many sugars are present on the surface. For
examble, 55i-55p and 39 all bind.with the same num‘ber‘of Con A molecules
within experimental error (of those that were analyzed). While the number of Con -
A molecules bindihg to é dendrimer reaches a ma>5imum, activity still increases,
as seen in Figure 4.9b. 'I"he results shown in Figure 4.9b and the results of the

precipitation assay support the conclusion that after a certain degree of

‘functionializatiOn, the increased activity can be attributed to the statistical

glycoside clustering effect. In this case, due to the fact that there is an increase in
the number of sugars available to a given binding site, the reassociation of the
ligand to the binding site is mﬁch more‘probab‘le.

Alfhough assay conditions such as Con A concentration are quite different

for the hemagglutination assay and the precipitation assay, it is illuminating to
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_evaluate the results of thé two assays together‘.’For dendrimers with per -
mannose activi‘ties of >100 (rveblative to methyl mannose) iﬁ the hemagglutination
assay, the number of Con A molecules attracted to each dendrimer in the
precipitation assay was less than or equal to half the number of sugars on the
dendrimér su,rface (21 of 22 such dendrimers for which data was collected with
56¢ being the oﬁly exception). Another way this can be stated is that there were
af Iegst two sugars available to.each Con A molecule. The last column in Table
4.4 s‘hoWé thé number‘ of sugars av:éilable' to each Con A molecule bound.

This indiéates that each dendrimer with a hémagglutination activity of
>100 probably binds Coﬁ A in a bidentate fashion. For the dendrimer with thé
highest activity in the hemagglutina"tvion assay ih the fourth and fifth generational
series (55] and 56e), three suc;;ar_s per Con A are stoichiometrically avéilable. The
value is higher (4.3 sugars per Con A) for 57h in the G(6) series. Moreover, after
the maximum possible ﬁumber of Con A molecules have been bound to the
dendrimer, adding more sugars reduces the dendrirr‘ler’s activity in the
hemagglutination assay on a per mannose basis but does nét lower the activity

so much that fewer Con A molecules are recruited.
Summary

We have shown that the heterogeneous functionalization of PAMAM

dendrimers is easily achieved by the stoichiometric control of reactants. MALDI-
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TOF-MS and NM\IIR are useful techniques for the determination of surface
fgnctionalizatio_n. The degree of fu"n’ctiOnalization has a significant effect on the
activity towards Con A. By contrblling the number of sugars present on the
surface of the dendrimer, the different modes of increayséd binding can be .
observed. For example, when the humber of sugars is low'.enough, multivalent
binding can be avoided, In this case the increased_‘bi'nding is most likely due to
glycoside cluster effect. At some point, evident. by an obyidus significant increase
in activity, multivalent binding becomes possible and becomgs the significant
“contributor. As the number of sugars on the surface continues to .incréase, when
compared per molecule with methyl mannose, a less dramétic increase in activity
| (on a per dendrimer basis) is again>a result of a statistical glycoside cluster
effect. |
In addition, by controlling the number qf sugars present on the surface of
the dendrimer, both the binding activity of the dendrimer WitH ‘lec_:tin (as measured
in the hemagglutination assay) and the number of lectiné élustered around the
dendrimer (as measured in the precipitation assay) caﬁ be controlled.
Taken together, the results from the hemagglutination assay and the
precipitation 'aséay suggest that we can independ.ently attenuafte lectin binding

affinity and lectin clustering. Considering the hugé number of lectins presented

on cell surfaces;a’ 7,108,195 34 4o probable that recruitment of far more than 25

<

lectins occurs in many cellular processes. However, one could imagine using the
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results reported here to construct dendrimer/polymer superstructures with a high
degree of control over both lectin binding éffinity and the number of lectins

clustered into a specific area of the cell.

Experimental Procedures

General rﬁethods

General reagents were purchased from Aldrich, Sigma, and Acros.
Generation 3.0 PAMAM dendffmers in methanol were purchased from Aldrich.
Generations 4.0, 5.0 and 6.0 PAMAM dendrimerg as aqueous solutions were
purchased from Dendritech. Concanavalin A was purchased from Calbiochem.

All solvents and reagents were used as supplied.

MALDI-TOF MS

Matrix assisted laser desorption ionization mass spectra data obtained as

described in the experimental procedures in Chapter 3 (page 106).

Hemagglutination assay

HIA was performed as described in the experimental procedures in

Chapter 3 (page 106).

Comonter Modeling

96

A C program 198 \vas used to model the packing of Con A around a

dendrimer. The dendrimer was modeled as a sphere, with spherical Con A

lectins tangent and not overlapping. Thé coordinates for the outer spheres (65 or -
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70 A spheres to mimic Cpn A) were bhosen randomly on the surface of the
interior (dendrimer) sphere and then were tested for overlap. The program would
try for a non-overlapping spot oh the dendrimer surface up to 100,000 times.
Upon reaching 100,000 unsuccessful tries, the program would record the number
of successfully plaCe’d outer spheres. This sequence was repeated 10,000 times
for each inner-sphere diameter, which was inc_:remented in 10 A steps. As a
check of our random method, the resulis were compared to placing the outer
(Con A) spheres at the vertices of polyhedra, with the inner (dendrimer) sphere at

the center.

General _quantitativev precipitation assay procedure

The assay‘was performed at 22° C in 0.1 M Tris/HCI buffer, pH 7.2,
containing 0.15 M NaCl, 1 mM CaCl, and 1 mM MnCl,. Con A (506 UL, 66?uM)
was added to 500 pL of a two-fold serial dilution of a mannose-functionalized
‘dendrimer (refer to Table 4.4 for dendrimers that wer‘e tested). The mixtures were
aIIowgd,to sit for 20 h. 'The solutions were centrifuged (5000 rpm for 5 minutes) to
pellet the precipitate. The pellets were'washed with 500 pL of cold buffer three
times.'The precipitates were diséolved in 500 uli_\of 0.1 M methyl rﬁannoside
solution and dilutéd with 1000 pL of buffer. The concentration of Con A in each
solution was determined by UV at 280 nm using an extinction coefficient at 280
nm of 1.37 for a 1 mg/mL solution. The values given in Table 4.4 are the average

of three independent measurements.
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Synthetic procedures

SCN~A A
OH

2-(4-Isothiocyanatophenyl) ethanol (43). 2-(4-Aminophenyl) ethanol (5.04
g, 36.7 mmol) was dissolved in 70% aqueous EtOH (300 ml). Thiophosgene
(6.33g, 4.2 mL, 55.1 mmol) was added via syringe while the reaction was stirred.
After the addition of the thiophosgene, a solution of 11 M KOH (10 ml, 110
mmol) was added. Saturated NaHCO3was added until the solution was no
longer acidic. The EtOH was removed in vacuo, and the product was extracted
into Et20 (3 x 80 mL). The organic layers were combined and washed with water
(3 x 100 mL) and brine (2 x 100 mL) and dried over MgSO4The ether was
removed in vacuo and the product was purified using column chromatography on
SiO2using 1:1: EtOAc:hexanes. The resulting oil crystallized upon standing and
was washed with hexanes and water to yield 5.08 g (77%) of 43 as a yellowish
solid. 1H NMR (250 MHz, CDCI3 6 7.14-7.24 (m, 4H), 3.84 (t, 2H, J = 6.5 Hz),
2.86 (t, 2H, J = 6.5 Hz), 161 (s, 1H) ppm; 13 NMR (125 MHz, CDCI3 138.3,

135.1, 130.1, 129.5, 125.8, 63.2, 38.7 ppm; IR (KBr) 3342, 2942, 2860, 2108 cm

General procedure for the synthesis of heterogeneously functionalized
generation 4.0 PAMAM-based thiourea-linked phenyl ethanol and phenyl-a-D-
mannopyranoside dendrimers (44a-e) (see Table 4.5 for quantities of each

component used in the series). A methanolic solution of amine-terminated G(4)-
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PAMAM dendrimer (1.18 g of a 10 % (w/w) solution in MeOH, 118 mg of
dendrimer, 8.4 /vmol based on the Mwof 13,500 g/mol as determined by MALDI-
TOF) was evaporated in vacuo. The resulting residue was dissolved in DMSO
(15 ml). A solution was made by dissolving 7(116 mg, 371 /vmol) and 43 (33.2
mg, 185 /vmol) in DMSO (4 mL). This solution was added to the dendrimer
solution and the reaction was stirred for 8 h. The product was dialyzed against
2.1 DMSO-H2 (MW cutoff 1 kDa). The solution was lyophilized to give 44a as
an off white solid. Accurate yields were not determined as the dendrimers 44a-e
were unavoidably contaminated with DMSO, which could not be removed.

Table 4.5 Quantities of reactants used to synthesize 44a-e. See general
procedure above for specific details.

Compound Quantity of Quantity of Quantity of
G(4)-PAMAM 7 43
mg (/vmol) mg (/vmol) mg (/vmol)
44a 118 (8.4) 116 (370) 33.2 (185)
44b 191 (13.6) 171 (545) 97.6 (545)
44c 118 (8.4) 58 (186) 66.5 (371)
44d 113(8.5) 26.7 (85.4) 82.5 (462)
44e 108 (8.2) 20.5 (65.5) 82.2 (459)
44a-e
45a-e
G(4)or(6) N N
HoH PAMAMY [}
85 2 3

Figure 4.15 Reference numbers for assignment of peaks in the I1H NMR of 44a-e
and 45a-e. Protons are numbered in order from low to high field.
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For the following 'H NMR characterization data fo; 44a-e, see Figure 4.15
for proton designations. Integration values for H-13 (the hydroxyl proton of 43) is
given as a decimal in order to make a comparison to the sugar protons and thus
a determination of the ratio of 7:48 straightforward:

44a: Ratio of m:nis 2:1; '"H NMR (500 MHz, CD,SOCD,) § 9.46 (bs, H 1)
9.38 (bs, H-2), 7.98 (bs H-3 and H- 4) 7.75 (bs, amide NH’s), 7.56 (bs, NH’ S),
7.20 (d, H-5 and H-6), 7.11 (d, H-7), 7.00 (d, H-8), 5.28 (s, 1H, H-9), 4.99 (s, 1H,
H-10), 4.81 (s, 1H, H-11), 4.74 (s, 1H, H-12), 4.59 (s, 0.5H, H-13), 4.44 (s, 1H, H-
14), 3.79 (s, 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.17 |
(bs) ppm.; MALDI-TOF-MS (pos) found 25,800.

44b: Ratio of m:n is 1.2:1; 'H NMR (500 MHz, CD,SOCD,) §-9.51 (bs, H-
1), 9.43 (bs, H-2), 8.03 (bs; H-3 and H-4), 7.80 (bs, amide NH’s), 7.65 (bs, NH’s),
7.26 (d, H-5 and H-6), 7.17 (d, H-7), 7.05 (d, H-8), 5.33 (s, 1H, H-9), 5.04 (s, 1H-
H-10), 4.86 (s, 1H, H-11), 4.80 (s, 1H, H-12), 4.65 (s, 0.89H, H-13), 4.49 (s, 1H,
H-14), 3.84 (s, 1H, H-15), 3.32—3.75 (m), 3.00—3.28 (m), 2.30—2.80 H(m)‘, 2.23
(bs) ppm.; MALDI-TOF-MS (pos) found 25,400.

44c: Ratio of m:n is 1:2.3; '"H NMR (500 MHz, CD,SOCD,) § 9.46 (bs, H-
1), 9.38 (bé, H-2), ‘7.97 (bs, H-3 and H-4), 7.75 (bs, am'ide NH’s), 7.60 (bs, NH’s),
7.20 (d, H-5 and H-6), 7.11 (d, H-7), 7.00 (d, H-8), 5.28 (s, 1H, H-9), 5.00 (s, 1H,

H-10), 4.81 (s, 1H, H-11), 4.74 (s, 1H, H-12), 4.60 (s, 2.52H, H-13), 4.44 (s, 1H,
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H-14), 3.79 (s, 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.17
(bs) ppm.; MALDI-TOF-MS (pos) found 22,400. '

44d: Ratio of min is 1:4.5; 'H NMR (500 MHz, CD,SOCD,) & 9.47 (bs, H-
1), 9.38 (bs, H-2), 7.98 (bs, H-3 and H-4), 7.75 (bs, amide NH’s), 7.60 (bs, NH’s),
7.20 (d, H-5 and H-6), 7.11 (d, H-7); 6.99 (d, H-8), 5.27 (s, 1H, H-9),4.99 (s, 1H,
H-10), 4.81 (s, 1H, H-11),-4.74 (s, 1H, H-12), 4.60 (s, 4.50H, H-13), 4.44 (s, 1H,
H-14), 3.77 (s, 1H, H-15), 3.3043.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.16'
(bs) ppm.; MALDI-TOF-MS (pos) found 21,900.

44e: Ratio of m:nis 1:7.2; '"H NMR (500 MHz, CD,SOCD,) § 9.46 (bs, H-
1), 9.38 (bs, H-2), 7.97 (bs, H-3 and H-4), 7.75 (bs, amide NH’s), 7.59 (bs, NH’s),
7.20 (d, H-5 and H-6), 7.11 (d, H-7), 7.00 (d, H-8), 5.28 (s, 1H, H-9), 5.00 (s, 1H,
" H-10), 4.81 (s, 1H, H-11), 4.74 (s‘, 1H, H-12), 4.60 (s, 7.20H, H-13), 4.45 (s, 1H,
H-14), 3.79 (s, 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.17
(bs) ppm.; MALDI-TOF-MS (pos) found 21,500.

General procedure for the synthesis of heterogeneously functionalizéd
generation 6.0 PAMAM-based thiourea-linked phenyl ethanol and phenyl-a-D-
mannopyranoside dendrimers (45a-e) (see Table 4.6 for quantities of each
component used in the series). A methanolic .so!u,tion of amine-terminated G(6)-
PAMAM dendrimer k1 .Oh g of a 10 % (w/w) solution in MeOH, 100 mg of
dendrimer, 1.7 ymol based on the M, of 58,000 g/mol as determined by MALDI-

TOF) was evaporated in vacuo. The resulting residue was dissolved in DMSO
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(15 mL). A solution was made by dissolving 7 (64.7 mg, 207 umol) and 43 (37.1
mg, 207 umol) in DMSO (4 mL). This; solution was added to the dendrimer
sélution and the reaction was stirred for 8 h. The prod'uct was dialyzed against
2:1 DMSO:H,O (MW cutoff 1 kDa). The solution was lyophilized to give 45b as
an off white solid. Accurate yields were not determined as the dendrimers 45a-e
were unavoidably contaminated with DMSO, which could not be removed.

Table 4.6 Quantities of reactants used to synthesize 45a-e. See general
procedure above for specific details.

Compound Quantity of Quantify Quantity

G(6)-PAMAM of 7 ' of 43
mg (¢mol) mg (umol) mg (¢mol)
45a 162 (3.1) 183 (584) 34.9 (195)
45b 100 (1.7) 64.7 (207) 37.1 (207)
45¢ 191 (3.6) 72.2 (230) 124 (691)
45d 152 (2.9) 25.1 (80.0) 117 (651)
45e 140 (2.4) , 0 (0) 113 (628)

For the following "H NMR characterization data for 45a-e, see Figure 4.15
for proton designations. Integration values for HT13 (the hydroxyl proton of 43) is
given as a decimal |n 6rder to make.a comparison to the sugar pl;otons and thus
a determination of the ratio of 7:43 straightforward: |

45a: Ratio of m:n is 2.5:1; '"H NMR (500 MHz, CD,SOCD,) 8 9.47 (bs, H- .
1), 9.38 (bs,‘H-2), 7.98 (bs, H-3 and H-4), 7.76 (bs, amide NH’s), 7.59 (bs, NH’s),

7.19 (d, H-5 and H-6), 7.10 (d, H-7), 6.98 (d, H-8), 5.28 (s, 1H, H-9), 5.01 (s, 1H,

H-10), 4.83 (s, 1H, H-11), 4.77 (s, 1H, H-12), 4.60 (s, 0.39H, H-13), 4.46 (s, 1H,
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H-14), 8.79 (s, 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.16
(bs) pbm.; MALDI-TOF-MS (pos) found 83,900.

45b: Ratio of m:n is 1:1.3; "H NMR (500 MHz, CD3800D3) 5 9.47 (bs, H-
1), 9.39 (bs, H-2), 7.98 (bs, H-3 and H-4), 7.76 (bs, amide NH’s), 7.60 (bs,_NH’s),
7.19 (d, H-5 and H-6), 7.10 (d, H-7), 6.9‘8. (d, H-8), 5.27 (s, 1H, H-9), 5.02 (s, 1H,
H-10), 4.83 (s, 1H, H-11), 4.78 (s, 1H, H-12), 4.61 (s, 1.3H, H-13), 4.46 (s, 1H, H-
14), 3.78 (s, 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.16 |
(bs) ppm.; MALDI-TOF-MS (pos) found 88,950.

| 45c: Ratio of rﬁ:n is 1v:4.3; 'H NMR (500 MHz, CD,SOCD,) § 9.47 (bs, H-

1), 9.38 (bs, H-2), 7.98 (bs, H-3 and H-4), 7.75 (bs, amide NH’s), 7.60 (bs, NH’s),
7.19 (d, H-5 énd H-6), 7.10 (d, H-7), 6.98 (d, H-8), 5.28 (s, 1H, H-9), 5.01 (s, 1H,
H-10), 4.83 (s, 1H, H-11), 4.77 (s, 1H, H-12), 4.60 (s, 4.3H, H-13), 4.4~5 (s, 1H, H-
14), 3.78 (s 1H, H-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (m), 2.16
(bs) ppm.; MALDI-TOF-MS (pos) found 73;158. | -

45d: Ratio of m:n is'1:13.5; "H NMR (500 MHZ, CD3800D3) 5 9.47 (bs, H-
1), 9.38 (bs, H-2),V7.97 (bs, H-3 and H-4), 7.75 (bs, amide NH’s), 7.60 (bs, NH’s),
7.19 (d, H-5 and H-6), 7.10 (d, H-7), 6.98 (d,-H-8), 5.28 (s, 1H, H-9), 5.01 (s, 1H,
- H-10), 4.83 (s, 1H, H-11), 4.77 (s, 1H, H-12), 4.60 (s, 13.5H, H-13), 4.46 (s, 1H,
H-14), 3.79 (s, 1H, h-15), 3.30—3.70 (m), 2.90—3.25 (m), 2.30—2.70 (M), 2.16

(bs) ppm.; MALDI-TOF-MS (pos) found 72,952.
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45e: '"H NMR (506 MHz, CD,SOCD;) 6 9.47(bs, H-1), 7.98 (bs, H-4), 7.76
(bs, amide NH’s), 7.60 (bs, NH’s), 7.19 (d, H-6, J = 7.2 Hz), 7.10 (d, H-7,J= 7.2
Hz), 4.61 (bs, H-13), 3.40—3.60 (m), 2.90—3.25 (m), 2.30—2.80 (M), 2.16 (bs).

Representative procedure for the synthésis of heterogeneously
functionalized géneration 3.0 PAMAM-based thiourea-linked ethoxy ethanol and
1 -O—(5-thiouréa-3-oxapentyl)-2,3,4,,6-tetfa- b—acetyl-a-D-man nopyranoside
dendrimers (50a-f) (the following procedure is for 50a. See Table 4.7 for
quantities of reactants for 50b-f). An aqueous soluti.on of amine-terminated
Starburst G(3)-PAMAM dendrimer (2.07 g of a 10% (w/w) solution in water, 207
mg, 30.0 ymol of dendrimer based on the M, of 6909 g/mol as determined by
MALDI-TOF for G(3)-PAMAM) was lyophilized to leave a foam. The resulting
residue was dissolved in DMSO (10 mL) folléwed by the addition of a 6.1 g/mL
DMSO solution of 28 (1320 pL, 132 mg, 899 umol). The reaction was stirred}or 8
hours. At this point, an aliquot (approx. 250 uL) containing 46a was removed fé)r
MALDI-TOF MS analysis. A solution ofa 0.1 g/hL DMSO solution of 29 (289 uL,
28.9 mg, 59.9 ymol) was added to the reaction. The reaction was stirred for 8
hours. The reaction mixture was added to a dialysis membrane (cellulose, MW
cutoff 1 kDa) and the solution was dialyzed against DMSO for 12 hours. The
solution was lyophilized nearly to dryness to give 50a as a thick syrupy produqt

(some DMSO remained) that was used withouf further purification.
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Approximately, 20-40 mg of the acetylated product wes removed for MALDI-TOF
MS analysis. |

Representative deacetylation procedure to form generation 3.0 PAMAM-
based thiourea-linked ethoxy ethanol and 1-O-(5-thiourea-3-oxapentyl)-a-D-
mannopyranoside ‘dendrimers (54a-f) '(the following procedure is for 54a. See
Table 4.7 for quantities of reactants for the formation of 54b-f). A suspension of
acetylated mannose functionalized dendrimer 50a in MeOH:H,O (1:1, 20 mL)
and 0.3 M metﬁanolic NaOMe (180 pL, based on 0.9 moles of NaOMe for every
mole of 29 on 50a) was stirred overnight until all of the solid had dissolved. The
solution was neutralized with Amberlite IR-120 (acidic). The reaction mixture was
subjected to dialysis against 1:1 MeOH-H,O, which was gradually changed to
pure water. The aqueous solution was lyophilized to give 54a as a fluffy, white
solid. |

Table 4.7 Quantities of reactants used to synthesize 54a-f. See general
procedure above for specific details.

# Quantity of Quantity of Quantity of . uLof Yield of
G(3)-PAMAM 28 29 0.3M 54%

: mg (umol) mg (zmol) mg (umol) NaOMe mg (%)
54a 207 (30.0) 132 (899) 28.6 (59.9) 180 218 (66)
54b 260 (37.6) 143 (977) 108 (226) 680 300 (68)
54c 257 (37.1) 115 (779) 195 (409) 1230 391 (87)
54d 252 (36.5) 85.8 (583) 278 (584) 1750 378 (82)
54e 255 (36.9) 59.7 (405) 370 (775) 2330 359 (72)
54 257 (37.2) 32.8 (223) 461 (967) 2900 447 (84)

 Reported yields are of isolated products and are lower than the actual yields
because of removal of aliquots for MALDI-TOF MS. Percent yields are for three
steps (addition of 28, addition of 29 and deprotection).
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Figure 4.16 Reference numbers for assignment of peaks in the IH NMR of 50a-f.
Protons are numbered in order from low to high field.

Heterogeneously functionalized generation 3.0 PAMAM-based thiourea-
linked ethoxy ethanol and 1-0-(5-thiourea-3-oxapentyl)-2,3,4,6-tetra-0-acetyl-a-
D-mannopyranoside dendrimers (50a-f). Refer to Figure 4.16 for peak
assignments. Integration values for H-8 (the hydroxyl proton of 28) is given as a
decimal in order to make a comparison to sugar protons straightforward:

50a: IH NMR (500 MHz, CD3SOCD3 5 8.02 (bs, amide NH'’s), 7.75 (bs,
amide NH'’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 7.6H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
and H-11), 2.80-3.80 (m), 2.10-2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 11,590.

50b: IH NMR (500 MHz, CD330CD3 8 7.96 (bs, amide NH's), 7.76 (bs,
amide NH's), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.89

(bs, 1H, H-7) 4.57 (bs, 3.1H, H-8), 411 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 12,700.

50c: 'H NMR (500 MHz, CD,SOCD,) & 7.98 (bs, émide NH’s), 7.76 (bs,
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6),~4.88
(bs, 1H, H-7) 4.57 (bs, 1.4H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.16 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (posj found 14,100.

50d: '"H NMR (500 MHz, CD,SOCD,) § 7.96 (bs, amide NH’s), 7.75 (bs, |
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 0.76H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.16 (s, 3H), 1.98 (s, 6H), 1.89 (s,
~ 8H); MALDI-TOF MS‘(pos) found 15,100.

50e: 'H NMR (500 MHz, CD,SOCD) 8 7.96 (bs, amide NH's), 7.75 (bs,
amide NH's), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 0.35H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.16 (s, 3H), 1.98 (s, 6H), 1 89 (s,
3H); MALDI-TOF MS (pos) found 17,080. |

50f: 'H NMR (500 MHz, CD,SOCD,) & 7.95 (bs, amide NH’s), 7.75 (bs,
amide NH"s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88 |

(bs, 1H, H-7) 4.57 (bs, 0.13H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.16 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 18,370.

Deacétylatea‘ generation 3.0 PAMAM-based thiourea-linked ethoxy
ethanol and 1-O—(5-thiourea-3-6xapentyl)-a-D-mannopyranoside dendrimers
- (54a-f):

54a: 'H NMR (500 MHz, CD,SOCD,) 3 7.98 (bs, amide NH’s), 7.77 (bs,
amide NH’s), 7.48 (bs, all thiourea protons), 4.59 (bs), 2.80—3.60 (m), 2.63 (bs),
2,40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 10,900.
54b: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.76 (bs,
" amide NH’S), 7.47 (bs; all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.62 (bs), 2.40 (bs), 2.18 (bs); MALDI-TOF MS (pos) found 11,800.

54c: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
ahidé NH’s), 7.47 (bs, all thiourea protons), 4.-40—4.80 (m), 2,80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 12,050.

54d: 'H NMR (500 MHz, CD,SOCD,) 6 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.62 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 12,600.

54e: 'H NMR (500 MHz, CD,SOCD,) & 7.96 (bs, amide.NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thioureé protons), 4.40—4.80.(m), 2.80—3.60 (m),

2.62 (bs), 2.40 (bs), 2.18 (bs); MALDI-TOF MS (pos) found 13,600.
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54f: "H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s),.7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.62 (bs), 2.40 (bs), 2.18 (bs); MALDI-TOF MS (pos) found 14,300.

Representative procedure for the synthesis of heterogeneously
functionalized geﬁerat’ion 4.0 PAMAM-based thiourea-linked ethoxy ethahgl and -
1 -O—(5-thiou rea-3-oxapentyl)-2,3,.4,6-tetra-O—acetyl-a-D-mannopyranoside
dendrimers (51‘vé-p) (the following procedure is for 51a. Sée Table 4.8 for
quantities of reactants for 51 b;p). An aqueou>s solu'tion of amine-terminated
Starburst G(4)-PAMAM dendrimer (0.618 g of a 10% (w/w) solution in water, 61.8
mg, 4.57 ymol of dendrimer based on the M, of 13,500 g/mol as determined by
MALDI-TOF for G(4)-PAMAM) was Iyophifized to leave a foam. The resulting
residue was dissolved in DMSO (19 mL) followed by the gd‘dition ofa0.1 g'/m'L :
DMSO solution of 28 (350 pL, 35.0 mg, 238 umol). The reaction was stirred for 8
hours. At this point, an aliquot (approx. 250 pL) containing 48a was removed for
MALDI-TOF‘ MS analysis. A solyution ofa 0.1 g/mL DMSO sol‘ut‘ion of 29 (65 uL,
6.5 mg, 13.7 umol) was added to the reaction. Thé reaction was stirred for 8
hours. The reactipn mixture was ad-d'edv to a dialysis membrane (cellulose, MW
cutoff 1 kDa) and the solution was dialg/zed against DMSO for 12 hours. The
solution was lyophilized to give 51a as a thick syrupy product that Was used
without further purification. Abproximately, 20-40 mg of thc_e acetylated product

was removed for MALDI-TOF MS analysis.




Representative deacetylation procedure to form generation 4.0 PAMAM-

based thiourea-linked ethoxy ethanol and 1-O—(5-thiourea-3-oxapentyl)-a-D-

mannopyranoside dendrimers (55a-p) (the following procedure is for 55a. See

" Table 4.8 for quantities of reactants for the formation of 55b-h). A suspension of

acetylated mannose functionalized dendrimer 51a in MeOH:H,O (1:1, 20 mL)

and 0.3 M methanolic NaOMe (41 uL, based on 0.9 moles of NaOMe for every

mole of 29 on 51a) was stirred overnight until all of the solid had dissolved. The

solution was neutralized with Amberlite IR-120 (acidic). The reaction mixture was

subjected to dialysis against 1:1 MeOH-H,O, which was gradually changed to

pure water. The aqueous solution was lyophilized to give 55a as a fluffy, white

solid.

Table 4.8 Quantities of reactants used to synthesize 55a-p. See general

procedure above for specific details.

# - Quantity of Quantity of Quantity of uL of Yield of
G(4)-PAMAM 28 29 0.3M 55°

mg (zmol) mg (pzmol) mg (umol) NaOMe  mg (%)

55a 61.8 (4.57) 35.0 (238) 6.54 (13.7) 41 67 (69)
55b 115 (8.51) 65.1 (443) 12.2 (25.5) 77 69 (36)
55¢ 145 (10.7) 77.3 (526) 30.7 (64.4) 193 71 (29)
55d 77.1 (5.71) 37.1 (252) 30.0 (62.8) 188 68 (53)
55e 136 (10.0) 64.9 (442) 52.7 (110) 330 124 (53)
55f 58.8 (4.35) 23.7 (161) 37.3(78.3) 235 29 (29)
55¢g 137 (10.2) 56.7 (386) 82.3 (173) 519 100 (40)
55h 62.2 (4.61) 18.3 (125) 61.6 (129) 387 47 (43)
55i 113 (8.40) 27.2 (185) 133 (272) 816 179 (80)
55j 156 (11.5) 45.7 (311) 154 (323) 969 149 (49)
55k 67.5 (5.00) 14.0 (95.2) 85.9 (180) 540 - 44 (35)
551 203 (15.1) 48.7 (331) 237 (497) 1490 167 (41)
55m 59.2 (4.38) 4.5 (31) 100 (210) 630 49 (41)
55n. 149 (11.0) 27.5 (187) 199 (418) 1250 62 (20)
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# Quantity of Quantity of Quantity of L of Yield of
G(4)-PAMAM 28 29 0.3M 55a

mg (/vmol) mg (/vmol) mg (/vmol) NaOMe mg (%)

550 145 (10.7) 17.4 (118) 225 (471) 1410 200 (64)

55p 146 (10.7) 7.9 (53.1) 255 (535) 1600 117 (37)

aReported yields are of isolated products and are lower than the actual yields
because of removal of aliquots for MALDI-TOF MS. Percent yields are for three
steps (addition of 28, addition of 29 and deprotection).

5

Figure 4.17 Reference numbers for assignment of peaks in the 1H NMR of 51a-p.
Protons are numbered in order from low to high field.

Heterogeneously functionalized generation 4.0 PAMAM-based thiourea-
linked ethoxy ethanol and 1-0-(5-thiourea-3-oxapentyl)-2,3,4,6-tetra-0-acetyl-cx-
D-mannopyranoside dendrimers (51a-f). Refer to Figure 4.17 for peak
assignments. Integration values for H-8 (the hydroxyl proton of 28) is given as a
decimal in order to make a comparison to sugar protons straightforward:

51a; IH NMR (500 MHz, CD3SOCD3 6 7.97 (bs, amide NH's), 7.75 (bs,
amide NH'’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 6.65H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
and H-11), 2.80-3.80 (m), 2.10-2.70 (m), 2.09 (s, 3H), 1.98 (s, 6H), 1.89 (s,

3H); MALDI-TOF MS (pos) found 22,300.
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51b: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.49 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 4.10H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (rh), 2.10—2.70 (m), 2.08 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 23,700

51c: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 3.73H, H-8), 4.11 (m, 1H, ng), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 24,100. |

51d: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7)'4.57 (b.s,‘2.75H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (ﬁ), 2,07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found .24,800.

51e: 'H NMR (500 MHz, CD,SOCD) 5 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 1.83H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,

3H); MALDI-TOF‘MS (pos) found 25,800.
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51f: '"H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 1.61H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.06 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 26,200.

51g: '"H NMR (500 MHz, CD,SOCDy) 8 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 1‘.09.H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.06 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H): MALDI-TOF MS (pos) found 27,900.

51h: 'H NMR (506 MHz, 6D3800D3) 8 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 0.79H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.06 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 28,500.

51i: '"H NMR (500 MHZ, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.37H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,

3H); MALDI-TOF MS (pos) found 31,600.
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51j: '"H NMR (500 MHz, CD,SOCD,) & 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH’s),  7.47‘ (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.66H, H-8), 4.11 (m, 1H,‘H-9-), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (M), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 31,950. |

51k: 'H NMR (500 MHz, CD,SOCD,) & 7.95 (bs, amide”NH’s), 7.74 (bs,
amide NH’s), 7.47 (bs, 4H, H-'1, H-2, H-3,'and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.44H, H-8), 4.11 (m, 1H, H-g), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 30,500.

511: "H.NMR (500 MHz, CD,;SOCD,) 6 7.95 (bs, amide NH’s), 774 (bs,
a}nide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.49H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 32,900.

51m: 'H' NMR (500 MHz, CD,SOCD,) § 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.40H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.86 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,

3H); MALDI-TOF MS (pos) found 32,000.
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51n: '"H NMR (500 MHz, CDssost) 8 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH’s), 7.47> (bs,f4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88:
| (bs, 1H, H-7) '4.56 (bs, 0.31H, H-8), 4.11 .(rﬁ, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (fn), 2.1‘0‘—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 35,000.

510: 1H NMR (560 MHz, CD,SOCD,) & 7.95 (bs, amide NH’s), 7.74 (bs,
 amide NH’é), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.56 (bs, 0.05H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-‘11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (p“os) found 37,000.

51p: '"H NMR (500 MHz, CD,SOCD,) & 7.95 (bs, amide NH’S), 7‘.74 (bs,
amide NH’s), 7.47 (bs, 4H, ‘H-‘1', H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4..8‘8
(bs, 1H, H-7) 4.56 (bs, 0.05H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (rﬁ), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H): MALDI-TOF MS (pos) found 38,400.

| Deacétylated generation 4.0 PAMA‘M-based thioureé—linked ethoxy

~ethanol and 1-O-(5-thiourea-3-oxapentyl)-a-D-mannopyranoside dendrimgrs
(55a;p): - ,

55a: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s); 7.47 (bs, all thiourea proton;s), 4.40—4.80 (m), 2.80—3.60 (m),

2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS.(pos) found 21,220..
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55b: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 22,340.

55¢: H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
‘amide NH’s), 7.47 (bs, all thiourea protons):, 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 22,500.

55d: "H NMR (500 MHz, CD,SOCD,) 3 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bé, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 22,500.

55e: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 23,300.

55f: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (ﬁ), 2.80—3.60 (m),
2‘..63 (bs), 2.40 (bs), 2.17 (bé); MALDI-TOF MS (pos) found 23,100.

55g: '"H NMR (500 MHz, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.48 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (fn),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 24,500. |

55h: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thioﬁrea protons), 4.40—4.80 (m), 2.80—3.60 (m),

2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 23,800.
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55i: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 26,600.

55j: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.77 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 26,600.

55k: '"H NMR (500 MHz, CD,SOCD,) 5 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 25,000.

55i: '"H NMR (500 MHz, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, all thiourga protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 27;100.

55m:‘ 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47l(bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI;TOF MS (pos) found 25,200.

55n: '"H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 28,100.

550: 'H NMR (500 MHz, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.76 (bs,
amide VNH’s), 7.47 (ps, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),

2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 29,100.
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55p: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.40—4.80 (m), 2.80—3.60 (m),
2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 30,000.

Representative procedure for the synthesis of heterogeneously
functionélized generation 5.0 PAMAM-based thiourea-linked ethoxy ethanol and
1-O-(5-thiou rea-S-oxapentyI)-2,3,4,6-t'etra-O—aéetyl-oz-D-mannopyranoside
dendrimers (52a-h) (the following procedure is for 52a. See Tabl.e 4.10 for
quantities bf reactants for 52b-h). An‘ aqueous solution of amine-terminated
Starburst G(5)-PAMAM dendrimer (0.338 g of a 23% (w/w) solution in water, 77.7
mg, 3.05 ymol of dendrimer baéed on the M, of 25,500 g/mol as determined by
MALDI-TOF for G(5)-PAMAM) was lyophilized to leave a foam. The resuliing
residue was dissolved in DMSO (10 mL) fo.IIowed by the addition of a 0.1 g/mL
DMSO solution of 28 (421 uL, 42.1 mg, 286 ymol). The reaction was stirred for 8
hours. At this point, an aliquot (approx. 250 pL) containing 48a was removed for
MALDI-TOF MS analysis. A solution of a 0.1 g/mL DMSO solution of 29 (87 uL,
8.7 mg, 18.3 ymol) was added to the reaction. The reaction was stirred for 8
hours. The reaction mixture was added to a dialysis membrane (cellulose, MW
cutoff 1 kDa) and the solution was dialyzed against DMSO for 12 hours. The,
solution was: lyophilized to givé 52a as a thick syrupy product that was used
without further purificétion. Appfoxirﬁately, 20-40 mg of the acetylated product

was removed for MALDI-TOF MS analysis.
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Representative deaéetylation procedure to form generation 5.0 PAMAM-
based thioﬁrea-linked ethoxy ethanol and 1-O-(5-thiourea-3-oxapentyl)-o.-D-
mannopyranoside dendrimers (56a-h) (the following procedure is for 56a. See .
Table 4.10 for quantities of reactants for the formation of 56b-h). A suspeﬁsion of
acetylated mannose functionalized dendrimer 52a in MeOH:H,O (1:1, 20 mL) |
and 0.3 M methanolic NaOMe (55 pL, based on 0.9 moles of NaOMe for every
mole of 29 on 52a) was stirred overnight until all of the solid had dissolved. The
solution was neutralized with Amberlite IR-120 (acidic). The reaction mixture was
subjected to dialysis against 1:1 MeOH-H,O, which was gradually changed to
pure water. The aqueous solution was lyophilized to give 56a as a fluffy, white
solid. |

Table 4.9 Quantities of reactants used to synthesize 56a-h. See general
procedure above for specific details.

Quantity of  pL of 0.3M

# Quantity of Quantity of Yield of
G(5)-PAMAM 28 ' 29 NaOMe 56°
mg (¢mol) mg (umol) mg {(¢mol) mg (%)
56a 77.7 (3.05) 42.1 (286) 8.72 (18.3) 55 84 (64)
56b 39.9 (1.56) 21.5 (146) 4.48 (9.38) 28 18 (29)
56¢ 62.2 (2.43) 28.7 (195) 23.3 (48.8) 146 ‘41 (38)
56d 62.4 (2.44) 24.0 (163) 38.5 (80.7) 242 51 (44)
56e 61.1 (2.40) - 17.6 (120) 57.1 (120) 360 93 (77)
56f 37.0 (1.45) 7.24 (49.3) 45.7 (95.7) 287 22 (32)
569 64.7 (2.53) 8.95 (60.9) 79.8 (168) 505 122 (89)
56h 68.1 (2.69) 4.7 (32.0) 112 (235) 705 134 (90)

* Reported yields are of isolated products and are lower than the actual yields
because of removal of aliquots for MALDI-TOF MS. Percent yields are for three
steps (addition of 28, addition of 29 and deprotection).
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Figure 4.18 Reference numbers for assignment of peaks in the IH NMR of 52a-h.
Protons are numbered in order from low to high field.

Heterogeneously functionalized generation 5.0 PAMAM-based thiourea-
linked ethoxy ethanol and 1-0-(5-thiourea-3-oxapentyl)-2,3,4,6-tetra-Oacetyl-a-
D-mannopyranoside dendrimers (52a-h). Refer to Figure 4.18 for peak
assignments. Integration values for H-8 (the hydroxyl proton of 28) is given as a
decimal in order to make a comparison to sugar protons straightforward:

52a: IH NMR (500 MHz, CD350CD3 5 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.89
(bs, 1H, H-7) 4.58 (bs, 9.80H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
and H-11), 2.80-3.80 (m), 2.10-2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 42,800.

52b: 1H NMR (500 MHz, CD3S0OCD3 6 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88

(bs, 1H, H-7) 4.58 (bs, 11.2H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 41,500.

52¢: 'H NMR (500 MHz, CD,SOCD;) 6 7.97 (bs, amide NH’s), 7.76 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.89
(bs, 1H, H-7) 4.58 (bs, 3.50H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 47,300.

52d: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.89
(bs, 1H, H-7) 4.58 (bs, 1.52H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 51,800.

52e: 'H NMR (500 MHz, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.89
(bs, 1H, H-7) 4.57 (bs, 0.74H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 58,100.

52f: "H NMR (500 MHz, CD,SOCD,) 8 7.95 (bsv, amide NH’s), 7.?4 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88

(bs, 1H, H-7) 4.56 (bs, 0.42H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m),‘2'.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 59,700. _
52g: 'H NMR (500 MHz, CD,SOCD,) & 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 kbs, 3H, H-S, H-6), 4.89
(bs, 1H, H-7) 4.56 (bs, 0.21H, H-8), 4.11 (m., 1H; H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10;2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 64,500.
52h: '"H NMR (500 MHz, .CD380CD3) 8 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH’s), 7.47 (bs, 4H, H-‘1, H-2, H-3, and H-4), 5.08 (bs, 3H, H-5, H-6), 4.89
(bs, 1H, H-7) 4.56 (bs, 0.08H, H-8), 4.11 (m, 1H, H-9), 3.9094.05 (m, éH, H-10
" and H-v‘11), 2.80—3.80 (m), 2.101—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s, .
3H); MALDI-TOF MS (pos) found 69,400.
Deacetylafed generatiqn 5.0 PAMAM-based thiourea-linked ethoxy
. ethanol and 1-O—(5;thiourea-3-6xapentyl)-a-D-mannopyranoside' dendrimers
(56a-h):
56a: 'H NMR_ (500 MHz, CD,SOCD;) 6 7.98 (bs, amide NH’s), 7.78 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.36—4.80 (m), 2.‘90—3.70 (m),
2.6‘4r (bs), 2.41 (bs), 2.18 (bs); MALDI-TOF MS (pos) found 42,750.
56b': 'H NMR (500 MHz, CD,SOCD,) 8 7.98 (bs, amide NH’é), 7.76 (bé,'

amide NH’s), 7.48 (bs, all thiourea protons), 4.30—4.80 (m), 2.90—3.70 (m),

2.63 (bs), 2.40 (bs), 2.17 (bs); MALDI-TOF MS (pos) found 40,100.
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56¢: 'H NMR (500 MHz, CD,SOCD,) 6 7.98 (bs, amide NH’s), 7.78 (bs,
amide NH’s), 7.47 (bs, all thiourea protons)_, 4.36—4.80 (m), é.90—‘-3.70 (m),
2.65 (bs), 2.41 (bs), 2..1 8 (bs); MALDI-TCF MS (pos) found 45,000.

56d: 'H NMR (500 MHz, CD,SOCD;) 8 7.98 (bs, amide NH’s), 7.80 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.30—4.80 (m), 2.90—3.70 (m),
~ 2.64 (bs), 2.41 (bs), 2.19 (bé); MALDI-TOF MS (pos) found 47,400.

56e: '"H NMR (500 MHz, CD3800D3_)'6 7.98 (bs, amide NH’s), 7.79 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.30;4;80 (m), 2.90—3.70 (m),
2.64 (bs), 2.41 ’(bé), 2.18 (bs); MA!_DI-TOF MS (pos) found 50,600.

56f. 'H N'MR (500 MHz, CD,SOCD,) 5 7.98 (bAs, émide NH’s), 7.79 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.30—4~.80 (m), 2.90—3.70 (m),
2.65 (bs), 2.41 (bs), 2.19 r(bs); MALDI-TOF MS (pos) found 48,100.

56g: '"H NMR (500 MHz, CD,SOCD,) & 7.99 (bs, amide NH’s), 7.82 (bé,
amide NH’s), 7.48 (bs, all thiourea protons), 4.30—4.80 (m), 2.90—3.70 (m),
 2.67 (bs), 2.41 (bs), 2.19 (bs); MALDI-TOF MS (pos) found 54,200.

56h: 1'H_NMR (500 MHz, CD,SOCD,) & 7._99 (bs, amide NH’s), 7.81 (bs,
amide NH’s), 7.47 (bs, all thiourea protons), 4.30—4.80 (m), 2.90—3.70 (m),
2.67 (bs), 2.41 (bs), 2.20 (bs); MALDI-TOF MS (pos) found 55,600.

Répresentative pr;)’cedure for the synthesis of heterogeneously
functionalized generation 6.0 PAMAM-based thiourea-linked ethoxy ethanol and

1 -O-(5-thiouréa-3-oxapentyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranosidé
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_dendrimers (53a-m) (the following procedure is for 53a. See Table 4.10 for

quantities of reactants for 53b-m). An aqueous solution of amine-terminated
Starburst G(6)-PAMAM dendrimer (0.578 g of a 17.3% (w/w) sp‘lution in water,
100 mg,“11.96‘ pﬁol of dendrimer based on the M,, of 50,800 g/mol as determined
by MALDI-TOF for G(6)-PAMAM). was lyophilized to leavé a foam. The resulting
'residue was di'ssulved in DMSb (16 mL) followed by the addition of a 0.1 g/mL
DMSO solution of 28 (555 L, 55.5 mg, 378 umol). The reaction was stirred for 8
hours At this point, an aliquot (approx. 250 L) containing 49a was removed for
MALDI-_TOF MS analysis. A solution of a 0.1 g/mL DMSO solution of 29 (187 pL,
18.7 mg, 39.4 ymol) was added to the reaction. The reaction was stirred for 8
hours. The reaction mixture was added fo a diaiysis membrane (cellulose, MW
cutoff 1 kDa) and the solution was dlalyzed agalnst DMSO for 12 hours. The
solution was Iyophlllzed to give 53a as a thlck syrupy product that was used
without further purification. Approximately, 20-40 mg of the acetylated product
was removed for MALDI-TOF MS analysis. :

Repfese‘ntativ‘e deacetylation procedure to form generation 6.0 PAMAM-
based thiourea-linked ethoxy ethanol and 1-O-(5-thiourea-3-oxapentyl)-o-D-
mannopyranoside dendrimers (67a-m) (the following procedure is for 57a. See
. Table 4.10 for quantities of feactants for the furmation of 57b-m). A suspension
of acetylated mannose functionalized dendrimer 53a in MeOH:H,O ‘(1_:1, 20 mL)

and 0.3 M methanolic NaOMe (65 uL, based on 0.9 moles of NaOMe for every
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. mole of 29 on 53a) was stirred overnight until all of the solid had dissolved. The
solution was neutralized with Amberlite IR-120 (acidic). The reactri‘on mixture was
subjected to dialysis against 1:1 MeOH-HzO-‘, which was gradually ch'anged to
pure water. The aqueous solution was lyophilized to give 57a as a fluffy, white' ’
solid.

Table 4.10 Quantities of reactants used to synthesize 57a-m. See general
procedure above for specific details.

# Quantity of Quantity of Quantity of uL of Yield of
G(6)-PAMAM 28 29 0.3M 57°
mg (umol) mg (umol) mg (¢mol) NaOMe mg (%)
57a 100 (1.96)  55.5(378)  18.7 (39.4) 118 87 (57)
57b 100 (1.96)  49.2(335)  39.4 (82.6) 247 75 (49)
57c  70.8(1.38)  29.4 (200) 45 (94.3) 283 78 (70)
57d  77.7(1.53)  36.0(245) 7.3 (15.3) 100 91 (74)
57 100 (1.96)  42.8(291)  60.1 (126) 378 124 (78)
57f  80.6(1.59) 31.7(215)  25.7 (53.9) 162 75 (57) -
579 781 (1.53) 25.8(175)  41.1 (86.0) 258 48 (36)
57h 100 (1.96)  30.7(209)  99.5 (208) 624 81 (46)
57i 100 (1.96)  18.5(126) 139 (291) 873 125 (71)
57j 84.1(1.66)  14.1(959)  88.4 (185) 555 125 (80)
57k 100 (1.96)  12.1(82.6) 160 (335) 1005 68 (36)
571 100 (1.96) 6.07 (41.3) 179 (376) 1128 149 (78)
57m 857 (1.69)  4.96(337) 120 (253) 759 137 (81)

2Reported yields are of isolated products and are lower than the actual yields
because of removal of aliquots for MALDI-TOF MS. Percent yields are for three

steps (addition of 28, addition of 29 and deprotection).
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Figure 4.19 Reference numbers for assignment of peaks in the IH NMR of 53a-
m. Protons are numbered in order from low to high field.

Heterogeneously functionalized generation 6.0 PAMAM-based thiourea-
linked ethoxy ethanol and 1-0-(5-thiourea-3-oxapentyl)-2,3,4,6-tetra-0-acetyl-a-
D-mannopyranoside dendrimers (53a-m). Refer to Figure 4.19 for peak
assignments. Integration values for H-8 (the hydroxyl proton of 28) is given as a
decimal in order to make a comparison to sugar protons straightforward:

53a: H NMR (500 MHz, CD3SOCD3 8 7.98 (bs, amide NH's), 7.76 (bs,
amide NH’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.58 (bs, 15.11H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
and H-11), 2.80-3.80 (m), 2.10-2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 79,200.

53b: H NMR (500 MHz, CD330CD3 8 7.98 (bs, amide NH's), 7.77 (bs,
amide NH'’s), 7.48 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88

(bs, 1H, H-7) 4.58 (bs, 8.52H, H-8), 4.11 (m, 1H, H-9), 3.90-4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 81,000. |
~ 53c: 'H NMR (500 MHz, CD,SOCD;) 8 7.97 (bs, amide NH's), 7.75 (bs,
amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.58 (bs, 5.77H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 84,400.
53d: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46‘(bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6); 4.88
(bs, 1H, H-7) 4.57 (bs, 4.15H, H-8), 4.1 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
'3H); MALDI-TOF MS (pos) found 86,400,
53e: 'H-NMR (500 MHz, CD,SOCD;) § 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 457 (bs, 3.14H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H): MALDI-TOF MS (pos) found 87,900.
é3f: 'H NM’B (500 MHz, CD,SOCD;) 8 7.96 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (b3, 3H, H-5, H-6), 4.88

(bs, 1H, H-7) 4.57 (bs, 2.16H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 93,200.

53g: '"H NMR (500 MHz, CD,SOCD,) 8 7.96 (bs, amide NH’s), 7.74 (bs
- amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, and _H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bS,v 1H, H-7) 4.5? (bs, 1.38H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 99,200. .

53h: 'HNMR (500 MHz, CD,SOCD;) & 7.96 (bs, amide NH's), 7.75 (bs,
© amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 0.87H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 106,500.

53i: '"H NMR (500 MHz, CD,SOCD;) 6 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH'’s), 7.47 (bs, 4H, H-1, H-2, H-3, andH4) 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.57 (bs, 047H H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 s, 6H), 1.90 (s,
3H): MALDI-TOF MS (pos) found 106,300. |

53j: 'H NMR (500 MHz, CD3800D3) S 7 95 (bs, amide NH’ s), 7.74 (bs
~ amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, andH4) 507(bs 3H, H5 H-6), 4.88

(bs, 1H, H-7) 4.56 (bs, 0.32H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
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and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 11i,000.

53k: '"H NMR (500 MHz, CD,SOCD,) 6 7.95 (bs, amide NH’s), 7.74 (bs, .
amide NH’s), 7.47 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.55 (bs, 0.28H, H-8), 4.11 (m, 1H, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.90 (s,
3H); MALDI-TOF MS (pos) found 114,000. | |

531: "H NMR (500 MHz, CD,SOCD,) 6 7.95 (bs, amide NH’s), 7.74 (bs,
amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, and H-4), 5.07 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.55 (bs, 0.14H, H-8), 4.11 (m, TH, H-9), 3.90—4.05 (m, 2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 1.98 (s, 6H), 1.89 (s,
3H); MALDI-TOF MS (pos) found 122,900. o

53m: 1H‘.NMR (500 MHz, CD,SOCD,) 8 7.94 (bs,' amide NH’s), 7.73 (bs,
amide NH’s), 7.46 (bs, 4H, H-1, H-2, H-3, and H-4), 5.06 (bs, 3H, H-5, H-6), 4.88
(bs, 1H, H-7) 4.55 (bs, 0.10H, H-8),-4.11 (m, 1H, H-9), 3.90—4.05 (m, .2H, H-10
and H-11), 2.80—3.80 (m), 2.10—2.70 (m), 2.07 (s, 3H), 198 (s, 6H), 1.90 (s, .
3H): MALDI-TOF MS (pos) found 126,000. |

Deacet:ylated generation 3.0 PAMAM-based thiourea'-linked ethoxy
ethanol and 1-O—(5-thiourea;3-oxapentyl)-oi-D-mannopYranoside den_drimers

(57a-m):
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57a: '"H NMR (500 MHz, CD,SOCD,) 6 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH's), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2,00—3.80 (m): MALDI-TOF MS (pos) found 77,400.
57b: '"H NMR (500 MHz, CD,SOCD;) 8 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protons),‘4.35—4.90 (m), 2.90—3.80 (m),
'2.00—3.80 (m); MALDI-TOF MS (pos) found 78,000.
57c: 'H NMR (500 MHz, CD,SOCD,) 6 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protonsj, 4.35—4.90 (m), 2.90—3.80 (m), '
2.00—3.80 (m); MALDI-TOF MS (pos) found 80,100.
57d: 'H NMR (500 MHz, CD,SOCD,) 8 7.97 (bs, amide NH’s), 7.75 (bs,
amide.NH’sj, 7.46 (ps, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 80,100. |
57e: 'H NMR (5;00 MHz, CD,SOCD,) 6 7.97 (bs, amide NH’s), 7.75. (bs,
amide NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2:00—3.80 (m); MALDI-TOF MS (pos) found 81,000. -
57f: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.75 (bs,
amide'NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 83,100. |
| 57g: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.75 (bs, \'
amide NH’s), 7.46 (bs, all thiourea pro;[ons), 4.35—4.90 (m), 2.90—3.80 (m)l,

2,00—3.80 (m); MALDI-TOF MS (pos) found 87,100.
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57h: 'H NMR (500 MHz, CD,SOCD,) § 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 91,000. .

57i: '"H NMR (500 MHz, CD,SOCD;) 6 7.97 (bs, amide NH’s), 7.75 (bs,

' almide NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pds) found 89,500.

| 57j: '"H NMR (500 MHz, CDSSOCDS) & 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 93,900.

57k: '"H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protons), 4.35’—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS. (pos) found 96,000.

571: 'H NMR (500 MHz, CD,SOCD,) & 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea brotons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 97,700.

57m: 'H NMR (500 MHz, CD,SOCD;) 6 7.97 (bs, amide NH’s), 7.75 (bs,
amide NH’s), 7.46 (bs, all thiourea protons), 4.35—4.90 (m), 2.90—3.80 (m),
2.00—3.80 (m); MALDI-TOF MS (pos) found 99,900.

Generation 3.0 PAMAM‘-based thiourea-linked ethoxy ethanol dendrimer
(58). lAn aqueous solution of amine-terminated Starburst PAMAM Idendrimer

(generation 3.0) (1000 mg of a 10% (w/w) solution in water, 100 mg, 14.5 ymol of
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dendrimer based on the M,, of 6909 g/mol as determined by MALDI-TOF for
G(3);PAMAM) was lyophilized to leave a foarr‘I. The resulting residue was
dissolved in DMSO (10‘mL) followed by the addition of a 0.1 g/mL DMSO
solution of. 28 (684 UL, 68.4 mg, 465 pymol). The reaction was stirred for 8 hours.
The reaction mixture was added to. a dialysis membrane (cellulose, MW cutoff 1
| kDa) and the solution was dialyzed against DMSO for 12 hours. The solution was -
lyophilized to give 58 as a sticky product: ‘H‘ NMR (500 MHz, CD,SOCD,) 8 7.97
‘(bs, amide NH’s), 7.76 (bs, amide NH’s), 7.47 (bs, thiourea protons), 4.58 (bs,
OH), 3.45 (bs), 339 (bs), 5.31 (bs), 3.13 (bs), 3.05 (bs), 2.62 (bs), 2.46 (bs), 2.39
(bs), 2.16 (bs); MALDI-TOF MS (pos) found 11,200.

Generation 4.0 PAMAM-based thiourea-linked ethoxy ethanol dendrimer
(59). An aqueous solution of amine‘-terminated Starburst PAMAM dendrimer |
(generation 4.0) (284 mg of a 20% (w/w) solutic;n in water, 56.9 mg, 4.2 ymol of
dendrimer based on the M,, of 13,500 g/mol as determined by MALDI-TOF for
G(4)-PAMAM) was lyophilized to leave a foam. The-resultihg' residue was
dissolved in DMSO (10 mL) followed by the addition of a 0.1 g/mL DMSO
solution of 28 (397 pL, 39.7 mg, 270 umol). The reaction was stirred for 8 hours.
The reaction mixture was added to a dialyfsis' membrane (cellul’ose, MW cutoff 1 |
kDa) and the solution was dialyzed ;algainst DMSO for 12 hours. The solution was
lyophilized to give 59 as a sticky product: 'H NMR (500 MHz, CD,SOCD,) § 7.97

(bs, amide NH’s), 7.76 (bs, amide NH’s), 7.47 (bs, thiourea protons), 4.58 (bs,
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OH), 3.45 (bs), 3.38 ‘(bs), 3.31 (bs), 3.13 (bs), 3.05 (bs), 2:62 (bs), 2.46 (bs), 2.39
(bs), 2.16 (bs): MALDI-TOF MS (pos) found 21,100.

G'e"ngrat.ion 5.0 PAMAM-based thiourea-linked ethoxy ethanol dendrimer
(60). An aqueous soluti;n of ahihe-terminated Starburst PAMAM dendrimer
(generationKS.O) (284 mg of a 22.5% (w/w) solution in water, 63.9 mg, 2.5 ymol of
dendrimer based on fhe M,y of 25,500 g/mol as determined by MALDI-TOF for
G(5)-PAMAM) was bephilized to leave a foam. Thé resulting residue was
dissolved in DMSO (10 mL) followed by the addition of a 0.1 g/mL DMSO
solution of 28 (368 L, 36.8 mg, 251 pymol). The reaction was stirred for 8 hours.
The reaction mixture was added to a dialysis membrane (cellulose, MW cutoff 1
kDa) and the solution was dialyzed against DMSO for 12 hours. The solijtion was
lyophiliied to give 60‘ as a stiéky product: '"H NMR (500 MHz, CD,SOCD,) 8 7.97
(bs, amide NH’s), 7.76 (bs, amide NH’s), 7.47 (bs, thiourea protons), 4.58 (bs,
OH), 3.45 (bs), 5.39 (bs), 3.30 (bs), 3.14 (bs), 3.05 (bs), 2.62 (bs), 2.46 (bs), 2.39
(bs), 2.16 (bs)‘; MALDI-TOF MS (pos) found 40,850.

Gener_ation 6.0 PAMAM-based thiourea-linked‘ ethoxy ethanol dendrimer
(61). An aqu'eous solution of amine-terminated Starburst PAMAM dendrimer
(generation 6.0)I(262 mg of a 20% (w/w) solution in water, 52.4 mg, 1.0 ymol of
dendrimer based on the M,, of 50,800 g/mol as de_termined by MALDI-TOF for
G(4)-PAMAM) was ‘Iyophilized to leave a foam. The resulting residue was

dissolved in DMSO (10 mL) followed by the addition of a 0.1 g/mL DMSO




21 1: _
solution of 28 (367 L, 36.7‘mg, 250 umol). The reaction was stirred-for 8 hoﬁrs;
The reaction mixture was addeAd to‘.a dialysis membrane (cellulose, MW cﬁtoff 1
kDa) and the solution was dlalyzed agamst DMSO for 12 hours The solution was
lyophlllzed to glve 61asa stlcky product: 1H NMR (500 MHz, CD,SOCD,) 6 7. 98
(bs, amide NH’s), 7.76 (bs, amide NH’s), 7.47 (bs, thiourea protons), 4.59 (bs,
OH), 3.46 (bs), 3.39 (bs), 3.30 (bs), 3.14 (bs); 3.05 (bs), 2.64 (bs), 2.46 (bs), 2.36 |

(bs), 2.17 (bs); MALDI-TOF MS (pos) found 81,550.
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CHAPTER 5

-SUMMARY AND CONCLUSIONS

- The Benefits of Using Isothiocyanates

A number of conclusions can be made based on the results described in
this work. First, we have shdw_n that PAMAM dendrimers up to generation six are
easily functionalized using isothiocyanates. Thg use of a \'/ariety of
isothiocyanates has been describéd indicating that the use of isothiocyanates
may be a general method for the functionalization of ar'nin"e-term‘i.nated
dendrimers, suqh as PAMAMs. In addition, isbthibcyanates are useful for the
heterogeneous functionalization of PAMAM dendrimers. The degree of surface
functionalization is ;:onve.niehtly cdntrolled ‘by the stoichiometry of the various
isothiocyanates. |

Of all of the methods described in Scheme 1.2, the use of an
isothidcyanate to form a thiourea'l‘inkagé may be the most attractive and useful.
The reaction ﬁroceeds very clganly and efficientiy without the néed for activators
or high température. Thiourea formation does not create any byproducts that
must be. removed. Typically, the only impurity éfter reaction is excess reagent.
The isothiocyanate is-also tolerant of a variety of functional gr‘oups, indicated by

its selective reactivity with amines.
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The result of the synthetic portion of this projéct was the successful
synthesis of water-soluble mannose-functionalized PAMAM dendrimers. The use

of a polyethylene glycol linker proved beneficial for achieving water solubility.

Characterization

Of critical importance to the success of this project was the development
of characterization methods for mannose-functionalized dendrimers.. Specifically,

the development and application of MALDI-TOF MS to the analysis of

| functionalized dendrimers was paramount. Previous to this work, reports of a

vgeneral method fér MALDI-TOF MS analysis of glycodendrimers were lacking in
the literature. |

MALDI-TOF MS was used to determine the number of sugars on the
dendrimers and thus the degree of functionali.zation..Not only was MALDI applied
to characterization of the functionalized dendrimers, but also to the
characterization of the starting material PAMAMS.

NMR characterization was also v'aluable for the analysis of mannose-
functiohalized dendrimers. NMR has been extensively. used for macromolecule
characterization. We were fortunate, thanks to the isolation of peaks, to be able
to use the integratioﬁ of peaks to determine ratios of surface residues on the
dendrimers. This data combined with the MALDI data provided a complete

picture of the degree of dendrimer functionalization.
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Activity Determination

A number of assays were used to determine the activity of mannose-
functionalized PAMAM dendrimers toward Concanavalin A. The three main
assays used were a hemagglutination inhibition assay (HIA), a precipitation
assay and turbidity éssay. HIA proved to be of significant importance.

From thé‘ asséys, a few general conclusions can be.made. Firéi, the size
of the ligand matters. The most dramatic increase in activity was observed when
the dendrimers were large enough to bind with multiple sites on the Con A. The
largest dénd'rimers were not only able to multivalently bind, but due to the
inéreased number of sugars on their surface, they showed enhanced activity
relative to the smaller dendrimers.

A second conclusion is that the densit‘y‘ o’f";sugars on the surface of the
dendrimers has a profound effect on the activity towardé Cén- A. In all cases, the
highest activity was observed when the dendrimers were only partially ‘
functionalized with carbohydrates. This general observation ‘is‘ not new, but it
provides specific and \)aluable informat.ion fér the design of effective dendrimer-
based ligands. -

Durin;g the course of this work, a third conclusion has been made that
deals with the true nature of dendrimer molecu‘les. PAMAM déndrimers (and
probably most dendrimers with similar structures) are much more dYnamic than

was first thought. This results in greater flexibility of the scaffold. In addition,
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dendrimers synthesized by an iterative process will almost always have
omissions in their structure that results in a heterogeneous mixture of molecules.
Claims in the Ii’;eratu,;ré that all F’AMAM dendrimers of a given generation have
identical structures are misleading. While these conclusions ére not surprising,
these points are not always explicitly stated in the literature.

Finally, -th_e assays have shown that mannose-functionalized PAMAM
dendrimers are effective at clustering lectins. In a practical application, similar
ligands may be able to cluster the lectins in the surface of various animal cells.
While the clustering of lectins may or may not provide a therapeutic benefit (since
the function of many lectins is unknown), the basic results described here may

find application in other biologically more important systems.
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APPENDIX A

METHODS OF MALDI-TOF MS DATA ANALYSIS
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General Formulas

The following formulas have been used to calculate all molecular.mass

values from MALDI-TOF data.

Number-Average Molecular Weight

_ ZNM;
N7 3N,
Equation A.1

M, is the number-average molecular weight, N, is the number of counts
and M, is the mass.

Weiqht-Averaqe Molecular Weight

_ ZNM;?
VT INM,
Equation A.2

M,y is the weight-average molecular weight.

Polydispersity
D = Mw
My
Equation A3

Data Transfer and Analysis Using the PerSeptive System

‘As was mentioned in the main text, during the course of this project two

different MALDI-TOF MS instruments were used. The new Bruker Biflex included
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software that could perform the calculations given above on the data collected
(more details are given below). However, the older PerSeptive Biosystems "
“Voyager system did not have adequate data énélysis capabilities. In fact, the
compute’r‘us'“ed. to run the déta coll‘ecti‘ons software was inadeduate for the
detailed data analysis necessary for the determination of M, and My,.

Therefore, data collected on this system had to be transpbrted and
éhalyzed 'usi‘ng a differevnticompute“r. To do so, the data collection during the
MALDI-TOF experiment was saved to the Gateway PC interfaced with the mass .
spectrometer. Using tHe Grams data_ana'lysis program, the data was calibrated
and smoothed. This saved file was then exported using the “ASCIIXYS (ASCII
X,Y data pair format (non-even X spacing)” option. Other options would
unavoidably ’niodify the data. |

The exported data was written to a floppy disk, which was then
transferred to an iMac ‘computer.. All of the collected data was imported into an
Excel spreadsheet and analyzed. Using Equation A.1, Equation A.2, and
Equation A.3, the valuesvoyc My, M,,, and polydispersity were obtained by selecting
the theoretical molecular weight of the compound as one endpoint and a\ point of
comparable intensity on thé other side of the peak as the sgcond endpoint (to
account fo‘r a slightly uneven baseline). Although values are not accurate to a

single amu, full values are reported and carried through calculations of sugar
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incorporation (or amino acid residue deletion) and the final value is rounded to

the nearest whole number of sugars (or amine residue).

Data Analysis Using the Bruker System

The laborious and time-consuming process of transferring and analyzing
the data was avoided when the Chemistry department purchased the new
MALDI-TOF MS instrument. The XTOF software used to analyze data collected
by the Bruker Biflex Il instrument included a preprogrammed polymer module.
This module can be used to analyze continuous polymers in which the peaks are
continuous over a broad range of mass values, which is exactly the case here.

Figure A1 shows how the XTOF software analyzes a continuous polymer

peak. This figure is taken directly from the XTOF users manual.

continuous data
processing range

Mass
Figure A1 Method for continuous polymer data processing.
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The formulas used by the software are very similar to Equation A.1, | |
Equation A.2, and EquationA.3. The software calculates the molecdlar mass
values by an integration by parts method. Equation A.4 shows the formula for the

calculation of the number-average molecular weight. -

N
ElAiMi
MN - N
- 3A,
. i=1 -
-Equation-A.4

Equation A.5 shows the formula for the calculation of the weight-average

molecular weight.

. N
ZAM?
M — i=1
W N
ZAM;
Equation A.5

In this formula, A, is the area as shown in Figure A.1. ltis calculated using

the formula in Equation A.6.
Aj=AI(x;+1-A);1=0,N-1

Equation A.6
In this formula, 1 is the intensity and A is the user definable range of the

area calculation. In all calculations, A was set to the minimum value allowed at
the various mass ranges.
The average mass for each area, M, was determined by the formula in

.Equation A.7.
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2.i+1
+ —— < A;1=0,N-1
Equation A.7
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~ APPENDIX B

APPLICATION OF MALDI-TOF MS TO
ADDITIONAL DENDRIMER EXAMPLES
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Background

Du_r‘i‘ng the National American Chemical Society meeting in Washington,
D.C. in fall 2000, an opportunity arose to establish a collaboration \;vitﬁ the
research group of Martin Brechbiel at the National Institutes of Health. The
Brechbiel group had been doing research on the functionalization of PAMAM
dendrimers with‘ TEMPO groups. Howe‘v‘er', they had not héd good success
_obtaining mass spectrometry data for their products.

Using the techniques described |n this wo}k, attempts were made to obtain
MALDI-TOF MS data for compounds from the Brechbiel labs. Co-auth_orship éf
two papers waé the result. A brief desbriptioﬁ of our ébntributipns to these papers

is given below.

SDih-LabeIed PAMAM Dendrimers

[The following is a brief description of the work described in Yordanov, A. T.,
Yamada, K.-i., Krishna, M. C., Mitchell, J. B., Woller, E. K., Cloninger, M. J., and.
Brechbiel, M. W. (2001). Spin-Labeled Dendrimers in EPR Imaging with Low
Molecular Weight Nitroxides. Angew. Chem., Int. Ed. Engl., 40, 2690-2692.
Specifically, the MALDI-TOF MS analysis is described.] ‘

The use. of electron paramagnetic resonance (EPR) imaging as a method
for the analysis of free radical distribution, metabolism and extent of oxygenation
in tumors, organs and tissues is limited by the short lives of the stable nitroxy!

radicals that are necessary for success of the ftechnique. In an attempt to

synthesize biologically safe macromolecules capable of reoxidizing EPR-silent
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hydroxylamine to EPR-active nitroxide, workers in the NIH labs of Martin
Brechbiel functionalized generation six PAMAM dendrimers using the N-
succinimidyl activated ester method. The reaction is shown in Scheme B.1. By
controlling the amount of 62, the amount of TEMPO on the surface could be

controlled, albeit unpredictably.

r G(6) A
8 A%&)MA PAMAM
DMSO

Scheme B.1 Functionalization of a G(G)-PAMAM dendrimer with TEMPO.

In order to characterize the macromolecules and to determine the number
of TEMPO groups on the dendrimer, MALDI-TOF MS was used. The number-
average molecular weight of 63 was found to be 101,000 g/mol, and the weight-
average molecular weight was found to be 102,000 g/mol. Comparison of this
value to the experimentally determined molecular weight of the starting material
G(G)-PAMAM (50,900 g/mal) indicated that there were 198 TEMPO molecules on
the surface of dendrimer 63 on average.

A similar analysis of 64 was done. The weight-average and number-
average molecular weights were 71,000 g/mol and 72,000 g/mol respectively.
Comparison to the weight of the starting material indicated that on average, there

were 80 TEMPO residues per dendrimer.
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Additional studies showed that when TEMPOL-H (an EPR-silent molecule)
and 63 or 64 were mixed together, the dendrimer nitroxyl conjugates reoxidized
the hydroxylamine back to TEMPOL, the EPR active analogue (see Scheme
B.2), indicating that spin-labeled G(G)-PAMAM dendrimers are potential

candidates for TEMPO free radical life supporters in EPR imaging.

A 63 or 64,

OH O
TEMPOL-H TEMPOL
Scheme B.2 The reoxidation of TEMPOL-H to TEMPOL by the use of 63 or 64.

Novel lodinated Dendritic Nanoparticles

[The following is a brief description of the work described in Yordanov, A. T.,
Lodder, A., Woller, E. K., CloningerlM. J., Patronasl1N., MileniclD., and
BrechbiellM. W. (2002). Novel lodinated Dendritic Nanoparticles for Computed
Tomography (CT) Imaging. Nano Letters, 2, 595-599. Specifically, the MALDI-
TOF MS analysis is described.]

Computed tomography (CT) is a reliable and widely available imaging
method with high spatial resolution. CT relies on the use of imaging agents that
are typically iodinated ionic or nonionic small molecules. A limitation is the short
lifetime of existing contrast agents in the vascular regions of the human body.
The objective of extensive research efforts has therefore been the development
of macromolecular CT agents, which would result in higher and in longer-lived

vascular concentrations. One potential solution would be the use of water-soluble

iodinated macromolecules.
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To that end, a G(4)-PAMAM dendrimer was partially functionalized with 3-
A-[(A” \-dimethylaminoacetyl)amino]-a-ethyl-2,4,6-triiodobenzenepropanoic acid
(65) by the Brechbiel group at NIH using the /V-succinimidyl activated ester
method to form 66 (Scheme B.3). This synthesis and subsequent full
characterization was the first for a water-soluble iodinated dendritic

nanoparticles.

65 66
Scheme B.3 Synthesis of iodinated nanopatrticle 66, by the partial

functionalization of a G(4)-PAMAM with 65.

To determine the number of 3-A/-[(A/,A/-dimethylaminoacetyl)amino]-a-
ethyl-2,4,6-triiodobenzenepropanoic acid molecules (DMAA-IPA) on 66, MALDI-
TOF MS was used. The method used was similar to the method described
earlier. The parent G(4)-PAMAM dendrimer has a Mwof 13,450 g/mol. The
MALDI-TOF is shown in Figure B.1. The iodinated dendritic nanoparticles have a
weight-average molar mass (Mw) of 37,000 g/mol, the number-average (Mn) was

36,657, and the polydispersity was 1.0121. The molecular weight increase when
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compared to the starting material indicates that there are 37 DMAA-IPA residues

on the surface of 66.

Although there are in theory 64 primary amino groups on the surface of
the G(4) dendrimer, it was not possible to conjugate more than 37 residues to the
surface even under forcing conditions. The most likely reason for low loading is
the accumulated steric hindrance of the bulky DMAA-IPA molecules on the

surface which prevents access to the unreacted primary amine groups.

1200

1000

30000 40000

Figure B.1 MALDI spectrum of 66.

The MALDI-TOF spectrum in Figure B.1 shows an apparently large
amount of dimer formation. While noncovalent di-, tri- and polymerization is
generally common under the conditions of MALDI-TOF spectroscopy, this

particular sample showed more dimer than is typically seen. Increased dimer
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formation was not surprising when considefing the lipophilic nature of‘66, and it
was boncluded that the dimeric polymers were probably not a result of the
synthetic method employeo_l. Other chéracterizatiOn techniques ‘con'firmeq this
conclusion. | |

In summary, the synthesis and character‘iéation of novel water-soluble
iodinated dendritic nanoparticies was achi-eved. The uniformity,of the dend‘ritic
nanoparticles was eétabl_ished by MALDI-TOF .(in addition to-elemental analysis
and multi-angle light scattering). Further studies have indicated that 66 is ‘a"

potential candidate for use as aCT imaging agent.
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APPENDIX C

ATTEMPTS USING ISOTHERMAL MICROCALORIMETRY
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Background

Calorimetry has been used for decades to study various chemical and
biological systems. With the significant improvements in electronics and
computing poWef during the 1980’s, the area of micr“ocalorimetry (i.e. the use of
calorimetry to study small volumes and weak interactio_ns) was developed. In

1989, a new titration calorimeter was introduced that featured very high

sensitivity, rapid calorimetric respohse, and fast thermal equilibra’tion.197 This

signaled a significant development in the field, upon which even more
improvements have been made.

" One of the main versions of micrécalorimetry is isothermal
microcalorimetry (ITC). The use of ITC to study prdtein-carbohydrate interactions
has increased dramatically in rec‘ent years. This is due primarily to the fact that in
one experiment the aésociation constant (K,), free energy (AG), enthélpy (AH),
entropy (AS) and stoichiometry (n) can all be determined.

A number of excellent reviews.have appeared that describe in greater

detail the theory and applications of ITC and microcalorimetry in general.1%'201

The review by Brewer and Dam is an excellent report on the use of ITC to study

200

lectin-carbohydrate interactions.”™ ITC has been used in a number of examples

42, 116, 202-204

to study protein-carbohydrate interactions. In many of the ITC
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studies described, not only was thermodynamic data determined, but structural
information of the receptor was determined as well.

Recently, microcalorimetry has been used to study multivalent

70, 118, 205-207

interactions. What many of the ITC studies have found is that the

“multivalency effect” (the- increase in K, value of the multivalent carbohydrate

display relative to the carbohydrate monomer) is due to increased positive

entropy (TAS) contributions.'1® 2% | addition, in some cases the value of n

determined by ITC shows that the functional valency of a multivalent ligand may

differ from its structural valency.''® #%°

Generai ITC Experiment Considerations

Briefly, a typical ITC experiment involves the computer-controlled titration
of a ligand solution into a receptor solution while ‘stirring. The heat that is
generated by the binding event is used to célculate‘ the thermodynamic data.
Current instrumentation is such that very small temperature changes (<0.1° C)
can be detected and measured. Here, an 'ITC microcalorimeter manufactured by
MicroCal, LLC of_Northampt‘on, Masséchuse‘tts., was used.

One requikement when performing an ITC experiment is that the reactants
and complexes remain soluble during the duration rof the experim"ent §~1 -2 h).

One significant problem of studying the interaction between Con A and high

valency or large ligands is the potential for the formation of precipitates. In fact,
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as seen previously in the precipitation assay and turbidity assay, when itis
desired, the formation of a Con A-ligand precipitate can be used to provide -
important information regarding multivalent interactions.

The dimer-tetramer equilibrium for Con A is pH sensitive. Con A is a

tetramer at pH > 7.0. However, at pH 5.0 the dimer is the predominate

208, 209

species. Previous reports indicate that the formation of a Con A-ligand

precipitate can be avoided by using Con A as a dimer at low ionic strength.42’ 116,

118,204 ynder conditions that favor Con A dimers, a variety of multivalent ligands

have been successfully studied. However, none of the Iigénds described

contained more than six carbohydrates.47 With this in mind, a study of mannose-

functionalized PAMAM dendrimers (in which the smallest ligand contained eight

carbohydrate) was attempted with a bit of trepidation.

Attempted ITC Measuremenis

In an attempt to learn the technique necessary to obtain useful data and to
verify the accuracy of the ITC instrument, the interaction between methyl

mannose and Con A was measured.
Following a procedure by Dam et. al.“s, using a 3,3-dimethylglutaric acid

(DMG) buffer at pH 5.2 containing 1 mM CaCl, and 1mM MnCl, and without

NaCl, a methyl mannose solution was titrated into a stirred Con A solution at 25°
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C. The resulting isotherm is shown in Figure C.1la. The resulting thermodynamic
data was in good agreement with the literature values.

As another way to check the operator’s technique and the accuracy of the
instrument, a titration of ribonuclease A with cytidine 2’-monophosphate was
performed. This was done per the instrument manufacturers protocol. The
isotherm is shown in Figure C.1b. Again, the results were within acceptable
limits.

Time (min) Time (min)
0 50 100 150 200 250 <10 0 10 20 30 40 50 60 70 BO 90 100110120

Data: MeManluL_NDH

Model: OneSites

ChiA2 = 431.767

N 1.013 +0.01060
K 5097 +108.2

AH -6483 +83.65

AS -4 454

Molar Ratio Molar Ratio
Figure C.1 (a) ITC profile for the titration of Con A with methyl mannose, (b) ITC
profile for the titration of RNase A with 2’-CMP.

Having learned the technique and calibrated the instrument, attempts
were made to test the mannose-functionalized dendrimers. In order to develop
conditions suitable to study mannose-functionalized PAMAM dendrimers, 36 and

38 were first studied. Dendrimer 36 was a generation one dendrimer containing
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eight carbohydrates and dendrimer 38 was a generation three dendrimer
céntaining 30 carbohydrates.‘

As Was the case in the methyl mannose ex{aeriment, all experiments were
performed in DMG buffer at pH 5.2 containing 1 mM CaCl, and 1mM MnCl, and
without NaCl present. A wide range of dendrimer and Con A concentrations were
used at a variety of temperatures. However, the final result was that precipitation
was too prevalent to make any meaningful data acquisition possible.

The data for a specific example is shéwn in Figure C.2. The graph shown
in Figure C.2a shows the data for the heat of dilution of 38 (open circles) into
DMG buffer and the heat evolved when 38 was added fo a buffer solution
containing Con A. As can be seen, the data look similar. Figure C.2b shows the
result after the heat of dilution is subtracted from the interaction with Con A. What
is obvious is the lack of a sigmoidél curve that was evident with methyl mannose
(Figure C.2). As a result, performing a least squares analysis of the data is
unproductive.

In the isotherm shown in Figure C.2b, fhe uneven baseline is evidence of
precipitation. This was observed for nearlS/ all samples tested: Thus, we had to
conclude that, while ITC is an incredible technique for the determination of the
thermodynamics of binding events, it may not be appropriate for the stljdy of |

large ligands such as dendrimers.
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o 38 into just buffer Time (min)
m 38 into Con A soln.

-0.4-

-0.5-

.0.6 -

-0.8 - -0.15-

ro -0.25-

30 35 40
Molar Ratio Molar Ratio

Figure C.2 (a) open circles show the heat of dilution of 38 into DMG buffer; black
squares show the interaction of 38 with Con A, (b) resulting ITC profile after the
subtraction of the heat of dilution of 38 into DMG from the interaction of 38 with

Con A

Experimental Procedures
General procedures
Concanavalin A was purchased from Calbiochem. The concentration of
Con A was determined spectrophotometrically at 280 nm using AIlan= 12.4 at
pH 5.2 and expressed in terms of monomer (MW = 25,600). Manganese (ll)
chloride, calcium chloride, methyl mannose and 3,3-dimethylglutaric acid (DMG)
were purchased from Sigma-Aldrich and used as supplied.

Buffer preparation
The DMG buffer was prepared by titrating a 0.050 M DMG solution with

NaOH until the pH was 5.2. Addition of MnCl2and CaCl2was done to make the
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concentration of each metal 1 mM. No NaCl was added to the buffér. Enough
buffe‘r was made to ensure that all ITC experiments and solutions were made in
the same buffer.

Isothermal Titration Microcalorimetry (ITC) ‘
~ITC experiments were performed using a VP model ITC instrument from

MicroCal, LLC (Northampton, MA). Injections (40—60) of carbohydrate solutions
ranged from 1.——4 pL using a corﬁput'er Controlled‘ 250-uL syringe at 4 min
intervals. The cell temperature was 30° C, tﬁe reference power Was 30 uCal/sec,
and the initial delay was 60 sec. The concentration range of Con A was 20—350
UM and the manndse concentrafion range was 2—20 mM (concentration was in
terms of sugars and not dtendrimers). -

The instrument calibration was verified by using the calvibration protocol for
tHe interaction between ribonuclease A (RNase A) and cytidine 2’-
monophosphate as 'described by the inst}umént manufacturer. ﬁibonuclease A
and cytidine 2'-monophosphate were purchésed from Sigma and used as
supplied.

During titrations using dendrimers 36 and 38, precipitation was observed

and could be identified by the significant noise of the baseline.
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APPENDIX D

STUDIES TOWARD ALPHA-D-GALACTOSE
FUNCTIONALIZED DENDRIMERS




239

Introduction

" Aftef having fully and heterogeneously functionalized PAMAM dendrimers
with mannose residues, the use of galactose was briefly explored. Since Con A
does not bind with galabtose, full functionalization with galactose will provide a
good non-bindin‘g' control. Use of galactose-functionalized dendrimers in the
hemagglutination and precipitation assay would further confirm that the
interaction seen between the mannose-functionalized PAMAM dendrimers and
Con A is indeed a specific interaction. (Recall ‘that precipitates formed by |
mannose-functionalized PAMAM dendrimers were redissolved by the addition of
methyl mannose monomér, which indicates a specific iﬁteraction. The use of
galactose-functionalized PAMAM dendrimers would support this conclusion.)

A second use of the galactose is to synthesize dendrimers bearing
mannbse and galactose surface residues. In this case, the galactose will present
a steric bulk nearly identical to mannose. While it has been critical in working out
the methods of heferogeneéus functionalization, the use of 28 as a nonbinding
surface residue is limited by the fact that it is not a sugar. With galactose as ;a
nonbinding surface residue that is the same size as mannose, a very in'teresting
picture of the effects of sugar dénsity on the surface of the dendrimer should

emerge.
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Approaches to an Isothiocyanato Galactose

It seemed logical at this point to apply the same method used to form 29

to form an analogous version of galactose. Therefore, cx-D-galactose was

acylated using acetic anhydride in pyridine (Scheme D.1), the anomeric position

was deprotected using hydrazine acetate, and the trichloroacetimidate 67162 was

formed using trichloroacetonitrile in the presence of potassium carbonate. The
a:|3 ratio at this point favored the |3 anomer by a 1:4 ratio. This was not a
concern, as the coupling of the alcohol does not depend on which anomer of 67

is used.

1) Ac20, py
HO 2) NH2NHZZAcOH

3) CCICN, K2C0O3
(49%, 3 steps)
cx-D-galactose

Scheme D.1 Synthesis of trichloroacetimidate of galactose.

The coupling of 28 to 67 is shown in Scheme D.2. The reaction was done
in an analogous manner to the reaction used to form 29, however, in this case
the 3anomer was formed predominantly. Although a small amount of a was
formed, it quickly became evident that this would not be a feasible route for the

formation of a-substituted galactose on a gram scale.
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Scheme D.2 Coupling of 28 with 67.
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Figure D.1 Inverse HETCOR NMR spectra used to identify which peak
corresponds to the anomeric proton of 68.

The formation of the [3anomer of 68 was confirmed by 1H NMR. The first
step was to identify the signal that corresponded to the anomeric proton. To do

so, an inverse HETCOR NMR experiment was performed. The region of interest

is shown in Figure D.1. In the 13C, the anomeric carbon was easily identified at 5

101.3 ppm. This peak showed a strong correlation with the proton at 54.55 ppm
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thus confirming the assignment of this peak to the anomeric proton. The coupling
constant of this proton with the proton at C-2 in the galactose ring is 8.0 Hz. This

strong coupling indicates a trans orientation and thus the |3 anomer.

The cause of the formation of [3over a is neighboring group participation
(as is the case of a anomer formation with 29). As seen in Figure D.2, the
carbonyl of the acetyl protecting group can interact with the anomeric position to
form the oxocarbenium ion shown. This results in making the bottom face of

galactose even less accessible than normal.

AcO OAc

Figure D.2 Neighboring group participation by the ester protecting group prevents
the nucleophile from attacking from the bottom.

It is clear that any ester protecting group has the same potential pitfalls.
To avoid this problem, the hydroxyl groups were protected using benzyl ethers.

Commercially available tetrabenzylated galactose 69 was converted to the

trichloroacetimidate 70210 using standard conditions (Scheme D.3). While the

reaction proceeded in high yield, the alpha selectivity was poor. The |[3anomer
was favored 5:1. However, this selectivity is of little consequence since the
subsequent coupling reaction does not rely on which anomer of the

trichloroacetimidate is used.
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Scheme D.3 Synthesis of benzyl protected trichloroacetimidate.

The coupling of the activated galactose 70 with 28 was done following the
standard procedure as shown in Scheme D.4. The reactants were dissolved in
dry CHZCI2under Ar in the presence of 4A molecular sieves. The BF3 Et20 was

added via syringe. The yield was 86%, but the selectivity favored the 3anomer

(1:2 a:p).

28, CH2CI2, 4A m.s.
BF3-Et20 (1 equiv)

ncs

a3 1:5 al3 1:2
Scheme D.4 Coupling of 28 with activated galactose residue.

Upon separation of the two products by column chromatography, IR
analysis showed an absorbance at 2110 cm"1for both products, which indicates
the SCN group was present in both compounds. To identify which product was
the a anomer and which was the |3anomer, an inverse HETCOR NMR

experiment was performed.
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The portion of the inverse HETCOR NMR spectra that is of interest is
shown in Figure D.3. As in the case of 71, the anomeric carbon is easily
distinguished. The 13T shows the anomeric carbon at 6 97.8 ppm. There is an
obvious correlation between the anomeric carbon and the H peak centered at 5
4.87 ppm. The coupling constant for this peak is 3.4 Hz. Weak coupling between
the anomeric proton and the proton at H-2 in the galactose ring identifies the

minor reaction product as the a anomer.

7 oo

Eﬂ
o5 ©
oo 38
88 92

r-

m(Nr-'r<NONHr~oco m
f'"“NommtNHHOCcoOV) m in
a

CNCNCNCNCNCNCNCNCNCN

Figure D.3 Inverse HETCOR NMR spectra used to identify which peak
corresponds to the anomeric proton of 71.

While glycosylation of benzylated galactose produced the desired product,

the fact that the anomeric selectivity was poor required that another method be
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explored. The following section describes an alternative route to the desired a-

galactose monomer.

Sulfonvicarbamate Method of Activating Galactose

A recent report by Hinklin and Kiessling described the use of glycosyl

sulfonylcarbamates as glycosyl donors for the coupling of galactose (among

other sugars) with a variety of alcohols.  The general reaction is shown in

Scheme D.5. The reaction of a protected carbohydrate with p-toluenesulfonyl
isocyanate forms the activated carbohydrate, which in the presence of a Lewis
acid promoter reacts smoothly with an alcohol. The reaction is proposed to

proceed through the oxonium ion via the mechanism shown in Figure D.4.

Scheme D.5 General reaction for the formation and reaction of a
sulfonylcarbamate of galactose.

Figure D.4 Proposed reaction of the glycosyl sulfonylcarbamate with a Lewis acid
to form an oxonium ion.

The use of sulfonylcarbamates is particularly attractive due to the ease of

handling of the sulfonylcarbamate. Sulfonylcarbamates can be purified on silica
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gel and possess long shelf lives. More importantly, they have been shown to
have high a selectivity when coupled to a variety of alcohols under the
appropriate conditions.

Sulfonylcarbamate 72 was synthesized using the method described by

Hinklin and Kiessling.  The coupling of isothiocyanate 28 to 72 using BF3Et20

proceeded smoothly (see Scheme D.6). The reaction proceeded in 70% yield
based on recovered starting material. Of the 70%, 20% was pure a anomer and
22% was a mixture of a and |3 anomers. The result of this reaction was 0.5 g of
73 as the a anomer, demonstrating that this method may be more economical for
the multi-gram formation of a polyethylene glycol galactose derivatives such as
73.

OBn OBRN
HOxZ"x0Z Xz ncs

— 28 _ »
BF3i Et20
CH2CI2

20% pure a
70% overall B.O.R.S.M.

Scheme D.6 Coupling of isothiocyanate 28 with sulfonylcarbamate 72. The
overall yield is based on recovered starting material and product isolated.

Single Attempt to Functionalize a PAMAM
Dendrimer with Benzylated Galactose

In an effort to provide proof of principle, a single attempt was made to
functionalize a PAMAM dendrimer with 73. The reaction was performed following

the standard procedure (Scheme D.7). The G(4)-PAMAM dendrimer was
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dissolved in DMSO and a DMSO solution containing 73 was added. The reaction
immediately turned yellow. After stirring for 8 hours, the reaction mixture was
dialyzed against DMSO (MW cutoff 1000). Lyophilization resulted in a yellowish
solid. Interestingly, in contrast to the acetyl-protected mannose-functionalized
dendrimers, 74 was soluble in a number of organic solvents, including CH2C12
and CHCI3

A couple of attempts to perform a global deprotection of 74 to form 75
failed. In both attempts, catalytic hydrogenation was used. Both Pd on carbon
and Pd(OH)2on carbon were used but failed. During the course of the reaction,
the catalyst clumped together, resulting in the loss of the suspension. This may
be a result of the palladium interacting with the sulfur in the dendrimer. Other

methods were not tried.

OBn

73

74, R=Bn —X -*- 75 R=H
Scheme D.7 Functionalization of a G(4)-PAMAM dendrimer with benzylated
galactose and unsuccessful attempts to perform a global deprotection.
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Experimental Procedures
General methods
General reagents were purchased from Aldrich, Sigma, and Acros.
Methylene chloride and diethyl ether were purified on basic alumina. Benzene
and toluene were distilled from CaH2 The distillation of BF3-Et20 was done from
CaH2Immediately before use (62° C at 33 mm Hg). All other solvents and
reagents were used as supplied.

Synthetic Procedures
AcO OAn

AcO.

1-0-(5-isothiocyanato-3-oxapentyl)-2,3,4,6-tetra-0-acetyl-|3-D-
galactopyranoside (68). The trichloroacetimidate 67162 (12.2 g, 24.8 mmol) was

dissolved in CHZCI2 (125 ml) with 28 (3.65 g, 24.8 mmol) and 4 A molecular
sieves (1.2 g) under an N2atmosphere. BF3Et2 (3,52 g, 3.1 m_, 24.8 mmol)
was added slowly and the reaction was stirred at room temperature for 7 h. Solid
NaHCO3(~2 g) was added to the reaction. The mixture was filtered over Celite,
concentrated in vacuo, and purified by silica gel chromatography (1:1
hexanes:ethyl acetate) to give 68 as a thick yellow oil (6.2 g, 52%). H NMR (500
MHz, CDCI3 6 5.37 (d, 1H, J = 3.2 Hz, H-4), 5.18 (t, 1H, J = 8.0 Hz, H-2), 5.01
(dd, 1H, J = 10.5, 3.2 Hz, H-3), 4.55 (d, 1H, 8.0 Hz, H-1), 4.05-4.20 (m, 3H),

3.85-4.00 (m, 2H), 3.70-3.80 (m, 1H), 3.60-3.65 (m, 7H), 2.14 (s, 3H), 2.05
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(s, 3H), 2.03 (s, 3H), 1.96 (s, 3H) ppm; 18 NMR (125 MHz, CDCI3 6 169.9,
169.9, 169.6, 169.1, 132.0, 100.9, 70.6, 70.5, 70.1, 69.0, 68.8, 68.7, 67.1,61.2,

45.2, 20.4, 20.3, 20.3, 20.2 ppm; IR (film) 2108 cm"1

CX~MIXONA*NC S

1-0-(5-isothiocyanato-3-oxapentyl)-2,3,4,6-tetra-0-benzyl-a-D-
galactopyranoside (73). The trichloroacetimidate 72210 (2.89 g, 3.92 mmol) and

isothiocyanate 28 (0.864 g, 5.88 mmol) were azeotroped three times with dry
benzene and the resulting residue was dissolved in dry CHZC 12(25 ml). Under
an N2atmosphere, BF3-Et20 (.056 g, 0.5 mL, 3.9 mmol) was added slowly and
the reaction was stirred at room temperature for 3 h. Solid NaHCO3(~2 g) was
added to the reaction. The mixture was filtered over Celite, concentrated in
vacuo, and purified by silica gel chromatography (7:3 hexanes:ethyl acetate) to
give 0.52 g of 73 as a white solid (20% yield). An additional 0.59 g of a and |3
mixture was collected, and 0.80 g of 728 was recovered (70% yield based on

recovered starting material). H NMR (500 MHz, CDCI3 5 7.20—7.40 (m, 20H),

4.93 (d, 1H, J = 11.5 Hz), 4.87 (d, 1H, J = 3.4), 4.83 (dd,2H, J = 11.8, 3.4 Hz),
475 (d, 1H, J = 11.8 Hz), 4.66 (d, 1H, J = 11.9 Hz), 4,56(d, 1H, J = 11.5 Hz),
446 (d, 1H, J = 11.7 Hz), 4.39 (d, 1H, J = 115 Hz), 3.93-4.08 (m, 4H), 3.79 (,

1H, J = 6.5 Hz), 3.58-3.71 (m, 4H), 3.40-3.57 (m, 5H) ppm; 13C NMR (125
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MHz, CDCl,) 6 139.1, 138.9, 138.3, 128.5, 128.5, 128.5, 128.4, 128.3, 128.1,
128.0, 127.9, 127.8, 127.7, 127.6, 98.2, 79.1, 76.7, 75.3, 74.9, 73.6, 75.5, 73.é,
70.5, 69.7, 69.5, 69.2, 67.6, 45.3 ppm; IR (film) 2916, 2862, 21.96, 2110 cm™; MS
(MALDI-TOF) m/z 692.20 (M + Na, calcd 692.26 for C,gH,;NO,S).

Generation 4.0 PAMAM-based thiourea polyethylene glycol-2,3,4,6-tetra-
O-benzyl-a-D-galactopyranoside dendrimer (74): A aqueous solution of amine-
terminated Starburst PAMAM dendrimer (generation 4.0) (940 mg of a 20% (w/w)
solutlon 8.7 umol of dendrimer based on the M, of 13,500 g/mol as determined
by MALDI-TOF) was lyophilized to leave a white solid. The resulting residue was
dissolved in DMSO (5 mL) followed by the addition of 73 (359 mg, 0.53 mmol).
After 8 hours, the reaction mixture was dialysed against DMSO (MW cutoff 1
kDa). The solution was lyophilized to give 74 as an off white solid. '"H NMR (500
MHz) & 7.97 (bs, amide NH’s), 7.76 (bs, amide NH’s), 7.20 (m, benzyl, thiourea
NH’s), 4.83 (bs), 455—4.75 (m), 4.47 (d), 4.41 (d), 4.32 (d), 3.91 (bt), 3.10—3.75
(bm), 2.20—2.80 (bm) ppm; *C NMR (125 MHz) & 173.6, 172.9, 138.9, 138.8,
138.6, 138.0, 128.6, 128.5, 128.3, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8,
127.7,127.6, 127.5, 97.9, 79.0, 76.5, 75.2, 74.9, 73.6, 73.3, 73.0, 70.0, 69.6,

69.3, 67.2, 52.5, 50.3, 44.4, 41.1, 39.8, '37.7, 34.1 ppm.
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